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During  the  period  of  this  contract,  S3  aanneeripta  (abstracts,  reprints 
and  preprints  attached)  were  published  or  accepted  for  publication.  9 
■annscripts  have  been  published  or  subaitted  for  publication  in  the  last 
period  of  this  contract  (July  1,  1984  -  February  15,  1985).  Since  the 
■annscripts  are  attached,  only  a  short  description  of  the  major  scientific 
progress  is  given  here. 

1 .  Proaress  in  Qnantnm  Well  Laser  Operation: 

(a)  Loir-Threshold  lliab-Power  Lasers 

One  of  the  major  accomplishments  of  our  quantoa  well  laser  research  was 
achieved  by  experimental  and  theoretical  investigations  that  led  to  the 
development  of  low  threshold,  hlah  power  quantum  well  lasers.  We  have 
demonatrated  (with  Burnham  of  Xerox)  threshold  currents  below  100 A/ c^- 
and  cw  operation  in  the  visible  at  appreciable  power  levels  (>10^). 
This  represents  major  improvement  over  conventional  structures.  Details 
can  be  found  in  manuscripts  10,  11,  19,  and  22. 

(b)  Pattern  Oenerat ion  bv  Impurity  Diffusion  and  Ion-Ismlantation  into  Super¬ 
lattices 

We  have  shown  that  superl attices  can  be  selectively  converted  via 
impurity- induced  disordering  (accepted  jor  donor)  into  bulk-crystal  alloys 
with  significantly  different  dielectric  properties. 

It  is  thought  by  many  groups  in  the  0. S.  and  Japan  that  these 
processes  may  fora  an  important  basis  for  future  optoelectronic 
integrated  circuits  (manuscripts  34-36  and  50). 


(o)  liiiiiMa  Mg^iliaaiiaa  si  1*11 


Method*  of  wav  el ength  modification  end  broadband  tnning  have  been  eata- 
bliabed  (manuscripts  23,  37,  and  38). 

2.  Straiaefl  Layer  iBBflSlaUigMl 

We  have  shown  that  high  quality  strained  heterolayer  struetnres  oan  be 
prodooed  which  support  a  qua  si- two-dimensional  electron  gas,  display  resonant 
tnaneling  effects,  and  ewen  show  at  inula  ted  emission.  Although  this  demon¬ 
strates  clearly  that  the  interface  defect  density  of  the  as-grown  crystal  is 
low  enough  for  asny  device  applications,  drastic  degradation  effects  have  been 
observed  in  cw  laser  operation  and  also  in  FET  operation  of  strained  layer 
structures.  Details  can  be  found  in  nanuscripts  6-9  and  18. 

3 .  Bgctrogiq  prop lM  P»Tico  Application* 

We  have  continued  to  pursue  the  concept  of  real  space  transfer  and  have 
demonstrated  its  high  potential  for  device  applications. 

We  have  also  developed  the  first  two-dimensional  model  of  the  high  elec¬ 
tron  mobility  transistor.  This  model  is  capable  of  simulating  size  quantiza¬ 
tion  and  velocity  overshoot  effects  and  the  ultimate  switching  speed  of  these 
devices  (manuscripts  27-29,  41,  42,  51  and  52). 

i-  Phyiijgj  of  Optoelectronics  ip  Quantum  Well  Structures 

A  wide  variety  of  important  physical  effects  in  heterolayers  has  been 
explored.  We  have  performed  detailed  investigations  of  the  dynamics  of 
electron-hole  collection  in  quantum  wells  (manuscript  1),  the  influence  of 
high  pressure  on  the  optical  properties  of  superlsttices  (manuscripts  3,  5,  7, 


and  48)  and  aagneto-trsnsport  (aanuscript  25)  in  low  threshold  quantum  wall 
lasers.  This  research  has  resulted  in  a  better  understanding  of  aaterial  con¬ 
stants  sueh  as  deforaation  potential  constants  and  the  electron-phonon 

interaction  in  these  structures. 

1.  Construction  of  sp  MOgVD  SsMAtM 

A  reactor  for  aetal organic  ehsaioal  vapor  deposition  of  GaAs-AlGaAs  opi- 
1  axial  layers  has  been  designed  and  eoapleted.  The  syatea  is  coaputer  con¬ 
trolled  and  is  capable  of  growing  high  uaiforaity  superstructures  with  excel¬ 
lent  control  of  interface  abruptness  on  the  scale  of  aonatoaic  layers 

(aanuscript  43,  44.  and  53). 

6 .  Activities  is  ihe  Present  Report iu«  Period  (#£) 

In  the  present  reporting  period  9  papers  (aanuseripts  45-53)  have  been 
published  or  accepted  for  publication.  'Etaphasis  hue  -been  placed  on  superlat¬ 
tice  disordering  and  pattern  generation  by  silicon  diffusions  stripe-  geoaetry 
and  buried-heterostructure  lasers  have  been  realized  by  this  aethod  (i.e. , 
inpurity- induced  disordering).  Tunable  laser  operation  in  external  gratings 
as  well  as  under  hydrostatic  pressure  has  been  accoaplished  with  qnantua-well 
heterostructures.  This  has  resulted,  for  the  first  tiae,  in  tunable  semicon¬ 
ductor  laser  operation  over  a  lOOaeV  range. (and  not  the  previous  liait  of 

C 

Ahu<40aeV)  .  The  theory  of  the  dieleotric  constant  of  superlattices  has  also 
been  considerably  refined.  Two  aanuseripts  have  been  devoted  to  the  two- 
diaensionel  nodal ing  of  the  high  aobility  transistor  and  one  aanuscript 
discusses  the  interface  quality  of  our  MDCVD-grown  superlattices. 
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The  dynamics  of  carrier  collection  in  quantum-well  heterostructures  are  studied  by 
photoemission  experiments  and  Moute  Carlo  simulations.  It  ia  shown  that  carrier  scattering 
decreases  rapidly  for  well  sues  Lt  S 100  k.  The  coOectioa  mechanism  depends  eenaitively  on 
details  of  the  bead  structure.  The  eaergy  distribution  Auction  of  the  carriers  after  collection 
exhibits  significant  structure  with  respect  to  multiples  of  the  phonon  energy.  This  feature  is  also 
reflected  by  the  experimental  results. 

PACS  numbers:  42.55.Px,  71.38.  +  i.  78.55.Ds,  63.20.  Kr 


sums  that  the  electrons  transmitted  into  the  GaAs  stay  in  the 
valley  type  in  which  they  started  and  simply  gain  kinetic 
energy  in  the  amount  of  the  band  edge  discontinuity  AEC. 
This  assumption  is  supported  by  investigations  of  the  quan¬ 
tum  mechanical  transmission  coefficient  by  Osbourn  and 
Smith.1 

IL  NUMERICAL  RESULTS 

The  Monte  Carlo  program  used  for  the  computations  is 
a  revised  version  ofthat  described  in  previous  papers.4  With¬ 
out  going  into  details  of  the  Monte  Carlo  model,  we  would 
like  to  emphasize  the  importance  of  the  inclusion  of  the  real¬ 
istic  bend  structure  in  this  problem  because  the  electrons  are 
injected  into  the  GaAs  with  a  significant  amount  of  kinetic 
energy  (AEe).  They  are  scattered  initially  high  up  in  the 
GaAs  conduction  band  where  a  simple  effective  mass  ap¬ 
proximation  no  longer  holds.  Therefore,  the  inclusion  of  the 
band  structure  is  absolutely  necessary.  We  use  ~ 7000  mesh 
points  and  interpolations  between  these  points.  The  E  (k)  re¬ 
lation  is  calculated  by  the  empirical  pseudopotential  meth¬ 
od.  The  band  structure  is  not  simulated  too  well  by  this  mod¬ 
el  at  very  low  energies  (few  points  only),  and  the  results  at 
low  energies  are  therefore  estimated  to  be  in  error  by 
±  20%.  Within  the  model  assumptions,  our  formalism 
(which  is  equivalent  to  the  semiclassical  Boltzmann  formal¬ 
ism)  is  valid  in  the  considered  range  of  energies  and  scatter¬ 
ing  rates  even  if  very  strict  criteria  are  applied. 

The  percentage  of  electrons  scattered  according  to  this 
model  at  a  certain  distance  in  the  GaAs  is  shown  in  Fig.  I. 
This  percentage  does  not  directly  reflect  the  percentage  of 
electrons  captured  in  the  quantum  well  because  of  possible 
multiple  electron  reflection  at  the  well  boundaries  and  the 
possibility  of  phonon  absorption  and  electron  re-emission. 
Phonon  absorption  contributes  only  a  few  percent  to  the  re¬ 
sults  at  room  temperature  and  is  entirely  negligible  at  low 
temperatures. 

The  influence  of  multiple  reflection  is  displayed  by  the 
4043  J.  Ace).  Phv*.  S3<9).  Scotembsr  1982  0021  -8979/82/096043-04802.40  v  1 982  American  Institute  of  °*tvVcs  4043 


I.  INTRODUCTION 

If  excess  carriers  are  photogencrated  or  injected  in  the 
confining  layers  of  a  single  quantum-well  heterostructure 
within  a  diffusion  length  of  the  narrower  gap  active  region, 
the  carriers  will  diffuse  to  the  quantum  well,  be  collected  and 
recombine  in  the  well  (GaAs)  if  it  is  large  enough. 1  The  pro¬ 
cess  of  excess  carrier  collection  by  single  and  multiple  quan¬ 
tum-well  heterostructures  (QWH)  has  been  studied  experi¬ 
mentally  and  theoretically3  by  means  of  Fermi’s  age  theory. 
The  main  goal  of  this  theory  has  been  to  explain  the  experi¬ 
mentally  observed  cutoff  of  confined-particle  recombination 
for  single-well  sizes  LM  S  80  A. 

It  is  the  purpose  of  this  paper  to  present  a  more  refined 
theory  of  the  dynamics  of  carrier  collection  in  quantum 
wells,  which  includes  details  of  the  band  structure  and  the 
electron-phonon  interaction,  and  to  compare  this  theory 
with  experimental  results.  We  use  a  Monte  Carlo  simulation 
of  the  electrons  percolating  down  in  energy  in  a  QWH  by 
phonon  emission.  This  simulation  gives  a  detailed  account  of 
the  history  of  the  electrons  in  the  T,  X,  and  L  valleys  and 
shows  that  the  cutoff  features  for  confined- particle  recom¬ 
bination  depend  sensitively  on  the  valley  type  in  which  the 
electron  resides  when  approaching  and  traversing  the  quan¬ 
tum  well.  The  transient  energy  distribution  reflects  also 
characteristic  structure  with  respect  to  the  phonon  energy 
which  can  be  related  to  similar  structure  in  the  QWH  laser 
spectrum.  The  theory  is  not  complete,  however,  since  effects 
of  size  quantization  are  not  included  in  the  simulation.  The 
effects  of  a  subband  structure  become  increasingly  impor¬ 
tant  at  low  eaergy,  i.e.,  when  the  electron  has  cascaded  down 
a  substantial  fraction  of  the  QW.  At  higher  energies,  how¬ 
ever,  size  quantization  plays  a  minor  role,  because  of  the 
small  deBroglie  wavelength,  and  we  have  to  account  only  for 
the  quantum  mechanical  transmission  probability  from  the 
wider-gap  confining  layers  to  the  GaAs  well  Therefore,  our 
numerical  model  is  three  dimensional  with  respect  to  the 
scattering  and  transport  of  electrons  in  the  GaAs.  We  as- 
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Besides  high  pressure  or  bulk  crystal  composition  change,  a  size-determined  direct-indirect 
transition  can  be  obtained  in  an  Al.Ga,  _,A s  (0<x<0. 1)  quantum-well  heterostructure  (QWH), 
in  fact,  at  higher  energy  (£—2.05  eV)  than  in  bulk  Al,Ga,  _  ,  As  ( — 1.98  eV).  Laser  operation  is 
demonstrated  at  6700-6500  A  on  a  QWH  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD). 

PACS  numbers:  42.55.Px,  71.50.  + t,  78.65Jd,  78.55.Ds 


Previous  work1  indicates  that  if  the  GaAs  active  layers 
of  a  quantum-well  heterostructure  (QWH)  in  the 
AlAs-Al.Ga,  _ ,  As-GaAs  system  are  made  small  enough 
{Lx  S  30  A),  then  it  should  be  possible  to  shift  the  recombina¬ 
tion  radiation  and  stimulated  emission  well  into  the  visible. 
In  fact,  the  possibility  exists  of  using  small  GaAs  well  size 
(L, ),  or  small  wells  of  Al,  Ga,  _  ,  As  of  low  composition 
lx  <0. 1 ),  to  shift  the  various  confined-particle  states  of  the  /*, 
L.  and  X  valleys  of  the  conduction  band  and  /"  of  the  valence 
band  to  high  enough  energy  to  create  a  size-determined  di¬ 
rect-indirect  transition  exceeding  in  energy  the  bulk  crystal 
direct-indirect  transition  of  Al,Ga,  _,  As  (xaaxc  =0.44,  Et 


— 1.98  eV).  The  physical  reason  for  this  behavior  is  that  the 
“disorder  bowing”  of  the  band  edge,  i.e.,  nonlinear  contribu¬ 
tions  of  x  in  £f  (x),  can  be  avoided  in  a  QWH  or  superlattice 
(SL).  In  this  letter  we  examine  this  possibility  and  indicate  to 
what  extent  the  bulk  crystal  direct-indirect  transition  can  be 
exceeded,  in  a  QWH,  by  a  size-determined  direct-indirect 
transition  (d£— 2.05  —  1.98—0.07  eV).  Data  1300  K.)  are 
presented  on  a  20-period  Al,  Ga,  _ ,  As-GaAs  QWH  (a  small 
superlattice,  SL)  grown  by  metalorganic  chemical  vapor  de¬ 
position  |MOCVD)2*’  that  are  consistent  with  the  conclu¬ 
sion  that  an  Ai,Ga,  As-GaAs  lor 
Al,  Ga,  . ,  As- Al, Ga,  _ ,  As,  .c'  >  x»  QWH  can  exceed  an 
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Pressure  applied  to  high  performance  cw  300-K  balk-limit  (L,  -  600  A)  single  quantum  well 
heterastructnre  Al.Ga,  _  .  Aa  (x —0.28,  X — 7 100  A)  laser  diodes  is  used  to  simulate  composition 
change  and  determine  the  threshold  increase  at  shorter  wavelength.  Unless  small  quantum  well 
sizes  are  employed  in  more  sophisticated  designs  it  is  unlikely  that  A  (forcw  300-K  operation)  can 
be  made  much  less  than  6900  A. 
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In  spite  of  the  fact  that  the  semiconductor  laser  was  first 
demonstrated  in  the  alloy  GaAs,  _.P.  1  as  soon  as  in  GaAs2 
and  now  is  almost  20  yean  old,  it  still  is  not  a  commonly 
available  visible  spectrum  device.  It  simply  has  been  too  dif¬ 
ficult,  even  in  the  most  advanced  form  of  a  lattice-matched 
heterostructure,  to  shift  the  operation  from  longer  wave¬ 
length  toward  —7000  A  and  simultaneously  maintain  a  low 
threshold  current.  Recently  Burnham  and  coworkers3,4 
have  shown  that  large  \Lt  —  600  A)  single  quantum  well  het¬ 
erostructure  (QWH)  Al.Ga,  _.As  lasers3®  grown  by  meta- 
lorganic  chemical  vapor  deposition  (MOCVD)7"*  can  be  op¬ 
erated  continuously  at  room  temperature  at  significantly 
shorter  wavelengths  and  lower  thresholds  than  the  double 
heterojunctions  (DH)  of  previous  work.  Figure  7  nfBrC3 
shows  recent  MOCVD  Al.Ga,  As  QWH  laser  thre¬ 
sholds,  at  various  crystal  compos tions  x,  compared  with  the 
earlier  results  of  others  on  DH’s.  The  data  of  Refs.  3  (and  4) 
stop  at  x— 0.28  and  A. —7100  A,  and  give  little  idea  of  how 
rapidly  the  threshold  current  density  in  the  Al.Ga,  _ ,  As 
system  would  increase  at  still  higher  crystal  composition 
(shorter  wavelength),  which  can  in  fact  be  simulated  with 
pressure.  In  other  words,  hydrostatic  pressure  applied  to  the 
high  performance  visible  spectrum  QWH  lasers  of  Reft.  3 
and  4  affords  a  unique  means  to  probe  the  range  (and  limits) 
over  which  stimulated  emission  (300  K)  can  be  achieved  in 
the  Al.Ga,  _ .As  system. 

Hydrostatic  pressure  measurements  have  been  per¬ 
formed  on  these  visible  spectrum  QWH  laser  diodes.  The 
techniques  used  in  these  high  pressure  experiments  are  the 
same  as  those  used  previously  for  studies  on  other  QWH 
laser  diodes. 10,11  The  diodes  are  placed  in  a  high  pressure 
cell12  outfitted  with  a  sapphire  window  and  standard  Bridg¬ 
man  electric  seals.  The  cell  is  filled  with  a  dielectric  fluid 
consisting  of  10%  isooctane  in  methylcyclohexane.  An  in- 
tensifier  (previously  calibrated  against  a  manganin  gauge)  is 
connected  to  the  cell  and  used  to  apply  pressure.  This  appa¬ 
ratus  is  operable  to  - 12  kbar. 

The  single  quantum  well  heterostructure  laser  diodes 


tested  here  are  grown  by  MOCVD  as  described  in  Reft.  3 
and  4.  Their  structure  consists  of  (1)  GaAstSc  buffer  layer 
-0.3  pm  thick,  Nd  -  10u  cm"3;  (2)  Al.Ga,  _.  As  Je— 0.5 
pm  thick,  x —0.25,  lVj  —  3  x  10IT  cm  ~3;  (3)  Al.  Ga,  _  .  As&e 
— 3/jm  thick, x>0.6, - 3X  10‘7 cm"3;  (4)  Al.Ga,  _.As 
(undoped)  active  layer  —600  A  thick,  0cx<0.28, 

N4  — 3x  10'*  cm~3;  (5)  Al.Ga,  ..As2n— 2.75/im  thick, 
*>0.6 ,N.  — 3x  I0,7cm~2;  (6)  Al.Ga,  _.As2n-025pm 
thick,  z— 0.25,  Nm  - 1011  cm-2;  and  (7)  GaAitZn  contact 
layer  —0.5  pm  thick,  IV.  —5  x  101*  cm"2.  These  diodes  are 
fabricated  in  a  stripe  geometry  configuration  and  are  metal¬ 
lized  with  Au/Ge  on  the  aside  and  Cr/Au  on  the p  side.  Al¬ 
though  cw  300-K  laser  operation  is  possible  with  these  de¬ 
vices,4  pulsed  operation  is  used  to  avoid  confusion  of  the  data 
by  heating  effects.  The  diodesare  pulsed  as  near  to  threshold 
as  possible  to  avoid  band  filling. 

The  change  in  the  photon  energy  of  the  peak  lasing  in¬ 
tensity  with  pressure  is  shown  in  Fig.  1.  The  data  points  are 
fitted  by  the  least-squares  method,  and  a  pressure  coefficient 
of  —  8.2  meV/bar  is  measured.  This  result  for  the  pressure 


FIG.  1.  Peak  laser  energy  vs  pressure  for  e  bulk-limit  It,  ~t00  At  single 
quantum  well  laser  diode  open  ted  under  hydrostatic  pressure.  The  inset  is 
the  room-temperature  pulsed  spectrum  of  the  diode  at  a  pressure  of  10  kbar. 
The  diode  exhibits  a  linear  energy  vs  pressure  dependence  of  -8.2  meV/ 
kbar  over  the  entire  range  0-1 1  kbar  i7tOO-67JO  A). 
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ABSTRACT 

Besides  the  improvements  thst  can  be  effected  In  laser  design 
and  operation  by  the  use  of  a  quantum-well  (QW)  or  superlattice  (SL) 
configuration,  various  fundamental  effects  also  can  be  observed. 

Some  of  these  are:  1)  electron-hole  asymmetry  (mass  and  velocity 
and  its  use  to  measure  band-edge  discontinuities,  2)  identification 
of  phonon-sideband  laser  operation,  3)  alloy  clustering  and  reduc¬ 
tion  of  "band-to-band"  (e+h)  recombination  energies,  4)  Impurity- 
Induced  layer  disordering,  5)  high  pressure  measurements  chat  permit 
observation  of  the  behavior  (pressure  coefficients)  of  Che  "Inside" 
of  an  energy  band,  and  6)  a  quantum-well  or  size- Induced  "direct- 
indirect"  transition  (in  the  AlAs-AlGaAs-GaAs  system)  higher  in 
energy  chan  the  bulk  value  of  the  disordered  alloy. 


INTRODUCTION 

In  the  usual  double  heteroj unction  (DH)  laser  the  narrow  gap 
active  region  Is  greater  in  thickness  than  ^  500  k  and,  as  a  con¬ 
sequence,  bulk-crystal  properties  are  observed.  If  the  active  lay¬ 
er  thickness,  Lz,  is  in  the  range  Lz  £  500  A,  i.e.,  A  ^  h/p  'v  Lz, 
confined-particle  or  quantum  size  effects  are  manifest.  Apart  from 
the  fact  that  improvements  can  be  effected  in  laser  design  and  op¬ 
eration1'3  by  resorting  to  a  quantum-well  (QW)  or  superlattice  (SL) 
configuration,  various  fundamental  effects  also  can  be  observed. 

Some  of  these,  including  the  electron-hole  asymmetry  and  the  pec¬ 
uliarities  of  carrier  collection,  phonon  generation,  alloy  cluster¬ 
ing,  layer  disorder,  high  pressure  effects,  and  size-induced  direct- 
indirect  transition,  are  described  below. 
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High  pressure  msssuremsnts  on  AljrQa1  .xAs-QaAs  (*  *  0.5  and  1) 
suportattlcos  and  quantum-wall  hataroatructura  lasars 
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Abeorptioa  dele  on  AlAs-OaAi  and  Al^Ga^Ae-QaAs  sapariettioeapL’t)  and  emiawoa  data 
on  Al.Ga,  _,As-GaAi  quantum-well  hetarottructore  (QWH)  later  diode*  (objected  to 
hydrostatic  pwiun  (0-10  kbar)  at  300 K  ate  presented  Superiatticc  abeotprion  data  show  that 
inc  cooiuiBO*pMrucic  irinwrioiiai  wmca  pcotop  mo  iidci  umi  cmkij  dmdq  id|d  odovc  um 
*b*nd  edge,  all  moot  with  the  asm*  pressure  coefiktant  of  1 1.3  meV/kber.  (For  bulk  GaAs,  the 
pressure  coefflcienta  115  nwV/kber.)  The  effect  of  thel  indirect  minima  on  the  highest  observed 
confined-particle  transitions  it  naO;  the  effect  of  the  X  mbuna  ie  large.  At  lower  pressures, 
QWH  diodes  exhibit  a  pressure  dependence  similar  to  that  of  th*  free  (unconstrained)  SL’s.  The 
data  on  QWH  diodes  demonstrate,  however,  a  tae-dependent  [£,(GaAs)  <  300  A]  shift  in  flop* 
to  a  lower  (S.5  meV/kbar) energy  gap  versus  pressure  coefiktant  it  higher  peasant.  This  change 
in  slope  can  be  explained  byoonadermg  the  effect  on  the  light-  and  heevy-taie  subheads  afsbsar 
stresses  generated  within  the  p-n  diode  hsterostructure. 


PACS  numbers:  4155-Px.  62.30.  +  p.  71  JU.Tn,  73.609* 


L  INTRODUCTION 

Ido  mrcta  ok  nyoroocaoc  prtHorc  on  uk  noiw  ftnio- 
hw»  ryt  rniiifiwhiftc*  hum  l«l|  trmm mtt  (he  basis  ft*  the 


terials.  In  particular,  the  prewure  dependence  of  the  cooduc- 
tion  hand  minima  in  OaAs,  and  to  a  leaser  extent  in 
Al„Ga,  _,As,  has  been  characterised  and  is  known  to  be 
linear  for  “low’*  pressures  (Le^p  <  100  kbar).  Recent  experi¬ 
ments  on  quantum-well  heterostmcturas  (QWH’s)  grown  by 
metalorganic  chemical  vapor  deposition  (MO-CVD),  how¬ 


ever,  have  shown  departures  from  GaAs-hke  pressure  de¬ 
pendence  forp<  10  kbar  in  both  doped  eamptae  operated  sa 


/HljOOCtioilllNfdkxkl  miH  is  gqpqf|gH|g  g  q§ff| 


sodated  with  the  presence  of  heteromterihom  and  thin  lay¬ 
ers,  and  bulkp-layera-layer  mismatch  (diodes),  in  these  ma- 
tennis  are  responsible  for  their  anomalous  hydrostatic 
pressure  behavior. 


thaae  aaanmptiona  to  some  degree,  and  so  one  might  expect 

tenth  subjected  to  hydrostatic  preeeure. 

It  haa  bsan  observed  recantly  that  QWH’s  are  excellent 
detectors  of  the  presence  of  snch  directional  stresses.  Hue  is 
in  fact  dne  to  the  breaking  of  the  r  degeneracy  of  light-  end 
heavy-hole  sabhende  (at  zero  preeeure)  in  QWITs.  Relative 
movement  between  light-  and  heavy-hole  subbends  in  a 
QWH  can  be  more  easily  detected  because  of  their  built-in 
separation.  Since  movement  of  the  light  holes  relative  to  the 
heavy  hoiee  is  known  to  be  ssaociaterl  with  uniaxial  streas  in 
the  [100]  direction  in  QaA*M  observations  of  each  an  eflbct 
indicate  the  presence  of  some  form  of  directional  stress  in  the 
crystal.  Tins  property  of  heterostiuctures  under  pressure  is 


i  a  number  of  Al.CJa,  _,As-GaAa/wi 


AlAs-OaAa  and  A^Ga,  _,Aa-GaAisuperiattioc  platelets, 
unconstrained  samptae  that  are  free  of  p  and  a  bulk  “con¬ 
tact”  layers,  are  examined  m  absorption. 


materials  do  not  experience  tree  hydrostatic  pceewrre  cflbcts 
Since  the  layers  of  such  structures  an  composed  of  dtaeiim- 
lar  materials  with  diiforing  bulk  com prewibiliTies,  externally 
ippm  njQZvscux  p ranxi  mgiw  m  expocm  to  muucc 
shenr  stammer  the  iatatfocaa,  thus  producing  a  nonhydroe- 
tatic  condition.  In  order  to  conform  actually  tot  hydrostatic 

pie,  end  be  fret  of  any  straw-inducing  mechanical  connec¬ 
tions.  Any  type  of  a  heteroetructure  or  junction  violates 


-NawatthaUahwntyefntasn. 


ILSAMRLE  PREPARATION 

Superlattice  (SL)  crystals  composed  of  alternating  lay¬ 
ers  of  AlAt-GaAs  and  Al,Oa,  _,As-GaAs  (x—0.3),  and 
with  various  layer  sixes  L,  and  I,,  have  been  grown  by  MO- 
CVD.1  Experimental  samples  cleaved  from  theaeSL  crystals 
ere  of  excdknt  quality,  operating  as  300  K  cw  lasers  in  plate¬ 
let  form.*  The  samples  are  prepared  for  absorption  measure¬ 
ments  (and  phocopumped  laser  experiments)  by  first  remov¬ 
ing  the  GaAs  substrate  by  merhaniral  polishing  and 
selective  etching.  The  resulting  thin  platelets  ere  attached  to 
a  sapphire  sample  holder  with  silicone  grease.  The  holder  is 
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Pbotohunineeccace  data  are  presented  oa  a  direct-well  GaAs,  _  a  ?M  -GaAs  (x  -025)  ttreined 
superiattice  (SL)  (barrier  Lt -75  A,  quantum  well  I, ~73  A)  and  oo  indirect-wed  GaP- 
QaAsi^P,  (»~-a6)«ttaii>edSL,»(£.<,Lt~120A«od£,,£I~60A)grownbyori«nometanic 
vapor  phas a  epitaxy.  Stimulated  emamon  (1300  cadet  77  K)  is  observed  in  the  fanner  but  only 
weak  lomiaceceace  in  the  latter,  thee  egfahBriiing  that  a  Urge  density  of  defects  at  the 
beteramteriheas  k  act  necessarily  an  issue  a  attained  SL*e  and  that  so  for  zooe-folding  effects,  and 
SL  *iadi(ect-directM  conversion,  have  not  been  observed  in  indirect  system*. 

PACS  numbers:  42.55.Px.  68.48.  +  f,  712a  -  e,  68.55.  +  b 


Although  a  good  deal  of  flexibility  exists  in  die  IH-V 
family  of  semiconductora  which  permits  formation  of  a  wide 
range  of  lattice-matched  heterostrocturee,  there  is.  neverthe¬ 
less.  the  practical  constraint  of  limited  availability  of  high 
quality  binary  substrates  at  desired  lattice  sizes.  Thus,  lattice 
matching  is  not  always  practical,  and  it  would  be  of  consider¬ 
able  value  if  strained-layer  heterostructures,  with  limited  in¬ 
terface  defects  and  s  high  degree  of  stability,  could  be  grown. 
A  specific  case  is  that  of  GaAS|_,Pj,  grownouOaAsoron 
GaP,  which,  in  the  usual  thick-layer  beterostructure,  results 
in  a  large  defect  density  at  the  beterointcrfaces.  If  the  lay¬ 
ers  are  thin  enou^t,  however,  as  in  a  strained-layer  superiat- 
tice  (SL),  the  layers  deform  elastically,  and  presumably  the 
interface  defect  density  can  be  kept  low.  This  cannot  easily 
be  concluded,  however,  from  the  GaP-GaAs,  _  ,  P,  strained 
SL’s  recently  described4-5  in  which  the  quantum  wells  are 
indirect-gap  GaAs,  [x>xr(77)~  0.46].*  That  is,  un¬ 

less  a  high  level  of  luminescence  is  measured,  it  is  not  obvious 
whether  a  “quantum-well”  indirect-gap  crystal  has  failed  to 
act  direct  (a  zone-folding  effect)  or  whether  the  heterointer¬ 
face  defect  density  is  large.  (We  return  to  this  point  later.) 
Accordingly,  a  better  demonstration  of  the  freedom  of  a 
strained-SL  heterointerface  from  defects  would  be  to  consid¬ 
er  such  a  structure  with  direct-gap  quantum  wells,  and  ob¬ 
serve  on  it  unambiguously  a  high  level  of  luminescence.  In 
this  letter  we  demonstrate  stimulated  emission,  and  thus  a 
low  heterointerface  defect  density,  on  photopumped 
GaAs,  _,P,  -GaAs  (x— 0.25)  strained  SL’s  with  66  periods 
or  132  heterointerfaces. 

The  strained  GaAs,  _  „  P,  -GaAs  SL’s  of  interest  here 
have  been  grown  by  the  organometallic  vapor  phase  epitax¬ 
ial  (OMVPE)  process  reported  on  elsewhere.7  The  SL's 
themselves  resemble  the  Al,  Ga,  _  *  As-GaAs  or  AlAs- 
GaAs  SL’s  described  earlier  grown  by  metalorgank  chemi¬ 
cal  vapor  deposition  (MOCVD).M  A  typical  shallow  angle 
cross  section  of  the  GaAs,  _ ,  Px  -GaAs  strained  SL’s  of  in¬ 
terest  here  is  shown  in  Fig.  1.  Note  that  the  vertical  striations 
are  polishing  scratches.  Out  of  view  at  the  bottom  is  a  GaAs 
substrate  and  then  a  GaAs,  _,P,  layer  graded  from  y  *  0  to 
>•=0.125,  the  averge  composition  of  the  SL.  The  strained  SL 
begins  at  the  upward  arrow  and  extends  1  ft m  to  the  top 


arrow  with  66  GaAs,  _  *  P*  (x— 0.25)  layers  of  thickness 
Lm  —75  A  alternating  with  66  GaAs  quantum  wells  also  of 
thickness  —75  A  Above  the  top  arrow  is  the  crystal  sur¬ 
face  and  some  noticeable,  as  well  as  typical,  Croat  hatch 
characteristic  of  GaAs,.,  P,  grown  on  GaAs. 

-  For  the  phofopumping  experiments  ofinterest  here,  the 
GaAs  substrate  is  polished  and  etched  off  as  much  as  is  pos¬ 
sible.  Small  wafers  polished  to  thin  dimensions  (—25  /im| 
and  then  etched  (no  stop  layer)  to  a  thickness*  of  2  fim  or  less 
tend  to  have  feathered  edges  that  are  free  of  substrate.  It  is 
from  this  region  that  samples  are  cleaved  and  are  heat  sunk 
under  duunood  in  annealed  copper.  The  samples  are  photo- 
pumped  with  a  cavity  dumped  Ar*  laser  (S14S  A). 


no.  I  .  Shadow-eagle  (<  0.3*)  crow  section  of  •  66-period  strained  SL  con¬ 
sisting  of  L,  -75- A  GaAs  quantum  wellt  coupled  by  L,~  75-A 
GaAs,  _„P,  l* -0.25)  barriers.  The  upper  arrow  indicates  the  “corner” 
with  the  lightly  crow  hitched  wafer  surface.  The  - 1 -pm  SL  is  shown 
between  the  arrows.  Beneath  the  lower  arrow  is  a  (reded  region  of 
GaAs,  _,F,  |0.123>y>0l  grown  on  e  GaAs  substrate.  The  vertical  stria- 
tious  are  polishing  scratches. 
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Abaorptloa  data  on  atralaod  CaAax__Ps-6a4a  auparlattlcaa  (SL,  128-parlod,  barrier  also 
Lb-  73  A,  quantum-well  daa  Lx-  73  A,  alloy  coapoaltloa  *  -  0.23)  are  pr a  ton  tad  la  the  rang* 
0-10  kbara.  the  abaorptloa  curvet  obtained  show  no  axciton  peak  a  inch  aa  aaan  la  lattlce- 
oatchad  Al_Caj__Ao*GaAa  SL*  a,  aad  the  pro  a  aura  coefficient  decreaaea  fro*  11.3  maV/kbar  to 
-  10.3  aaV/kbar  la  the  valla  aad  -  6.3  meV/kber  at  aaarglaa  approaching  aad  above  the  barrier 
energlee.  thla  behavior  la  attributed  to  the  fluctoatlona  la  atrala  cauaad  by  the  alloy 
dlaorder,  aad  duaterlng,  of  the  barrier  a.  . 


Although  ooat  ha  taro  at  rue turn  a  have  boon 
conatructad  la  lattlee-aatchad  III-?  ayataaa, 
for  fundamental  aad  varloaa  practical  reaaoaa 
alaaatchad  atraload-layer  hacaroatructuraa  aad 
auparlattlcaa  ara  beginning  to  gala  act ant loo, 
particularly  alnea  newer  cry  at  el  growth  oat  hod a 
now  permit  aucceaaful  growth  of  theaa  atruc- 
turea.  For  axampla,  recently  attaapta  to  ob- 
aarve  tone-folding  affect a  on  GaP-GaAsj_xPx 
•trained  auparlattlcaa  (SL)  have  been  report¬ 
ed.  41ao,  lapurlty-induced  layer  dlaorder lag 
experiments  have  been  reported  on  the  aeon  type 
of  SL' a.  Moat  recently  aucceaaful  laaer  opera¬ 
tion,  both  pul  and  aad  contlnuoua  (cw),  haa  boon 
obtained  (300  K)  on  GaAartn-Ga^.^Aa  aad 
GeAaj_xPx-Ge4a  atralned  SL' a.  •  The  rcaulta  of 
Kef  a.  3  aad  4  ara  Important  in  Mvowlng  that 
thoae  a o- grown  atralned  SL' a,  with  aaay  lnter- 
facea  and  thua  aaay  poaalbllltlaa  for  defect 
formation,  are  nevertheleaa  relatively  frae  of 
defecte.  Otharwlaa  the  laaar  operation  of  Befa. 
3  aad  4  would  not  be  poaalbla.  laadlataly  then 
an  lntereatlng  and  Important  qua  at  Ion  concerning 
a  atralned  SL,  particularly  one  relatively  free 
of  dafecta  (l.e.,  good  enough  to  operate  aa  a  cw 
300  K  photopuaped  laaar),  la  that  of  how  It 
coavaraa  to  a  lattice-matched  SL.  For  example, 
how  doe a  a  CaAs,_xPx-CaAs  atralned  SL  coapare  in 
fundamental  behavior  to  an  Al^Ga^.^a-CaAa 
SL?3  Concerning  thla  qua at loo,  in  thla  pepar  we 
report  high  praeeura  absorption  naaauramanta 
(300  K)  ahowtng  that  the  conflnad-partlda 
axdton  transitions,  normdly  vlalbla  In  a 
lattice-matched  SL,  vanlM«  In  the  ca aa  of  a 
attained  SL.  In  addition,  a  leaaer  pr  a  a  aura 
coefficient  la  aeaaured  because  of  tbo  built-in 
strain  and  tha  alloy  randomnaaa  coupled  (via 
atrala)  from  the  alloy  barrlera  (GaAa< __FX)  Into 
the  binary  walla  (CaAa). 


TWo  fund amen tally  diffarant  strained  SL'  a, 
a  66-parlod  CaAe-lnxGei_xAa  (x  -  0.20)  SL  aad  a 
128-parlod  CaAsi—P.-CaAa  (x  -  0.23)  SL  with 
Lg-  7  3- A  barrier  a  and  Lx-  7  3- A  quantum  wmlla, 
have  bean  grown  for  thaaa  axpaclaaota.  Those 
SL'  a  have  baao  grown  by  organomatalllc  vapor 
phase  epitaxy  (0MVPE),  or  aatalorgaalc  chemical 
vapor  deposition  (N0CVD) ,  and.  as  for  highly 
uniform-  AlxGal_xAe-GaAs  SL'  a  grown  earlier  by 
VFK,7  tha  crystal  growth  apparatus  ts  electron¬ 
ically  operated  aad  computer  controlled  so  aa  to 
an aura  tha  growth  of  equally  uniform  aa  well  as 
reproducible  layers  (shown  in  Figs.  1  of  Bmfa.  3 
and  4).  Tha  crystal  growth  la  accompli ahod  at 
623*C  for  GaAvIn-Ca^.-As  SL's  and  at  750*C  for 
SaAsj_-P_-CaAs  SL's.  The  growth  ratoa  used  are 
400  1/mlo  aa  determined  from  asperate  thick- 
layer  calibration  experiments. 

In  order  to  compare  the  behavior  of 
strained  SL's  with  lattice-matched  SL's,  both 
with  tha  same  kind  of  binary  quantum  walla 
(GaAa),  wa  present  data  below  on  only  tha 
GaAs,_xFx-GaAs  (x  -  0.25)  attained  SL.  Onlika 
previous  SL'a,  however,  thla  SL  haa  been  pro¬ 
vided  (and  Improved)  with  higher  gap  confining 
laynrs,  specifically  _4lyCa1-y4a1_xPx  (x  -  0.25, 
y  -  0.6)  confining  lasers  that  ara  -  800  A 
thick.  One  of  thoae  confining  laynrs  ls  grown 
on  tha  top  aide  of  tha  SL  and  one  on  tha  bottom 
aids  I  Mediately  following  a  GaAS|_xPx  graded 
layer  that  la  grown  first  on  a  GaAa  aubstrata 
aad  la  chaagod  la  composition  over  0.1  Mm  thick- 
ass  a  from  x«0  to  x  «  0.125  (l.e.,  to  tha  average 
composition  of  the  SL).  Tha  bottom  Al-contaln- 
lag  confining  layer  acta  as  a  convenient  "atop 
layer"  that  permits  polishing  aad  etch  removal 
of  all  of  tha  substrata  and  graded  region  so 
that  abaorptloa  (or  amission)  measurements  can 
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Data  are  presented  showing  that  Zn  diffusion  into  a  strained  GaP-GaAs,  _„P,  pc  ~ 0.6) 
superlattice  (40  periods,  Lt~  120  A  GaAsP  quantum  wells,  L,~  120  A  OaP  barriers)  enhances 
the  interdieision  of  As  and  P  (anion  interchange)  at  the  beteriointerfacea,  thus  resulting  in 
disordered  indirect  gap  bulk  crystal  GaAs,  _,P,(*~ 0.8). 

PACS  numbers:  66.30Jt,  64.70.Kb,  64.75.  +  g.  68.48.'  +  f 

Recent  work  on  AlAs-GaAs  and  Al.Oa,  As-GaAs  tial-substitutional  Zn  diffusion  process  in  a  material  such  as 

suppcrlattices  iSL’s),  as  well  u  on  similar  quantum  well  he-  GaAs  a  closely  associated  interstitial  Zn,  vacancy  pair  or 

terostructures  (QWH’s),  has  shown  that  the  heterointer-  ‘‘molecule”  (Zn,,  V)  plays  an  important  role  in  permitting 

faces,  and  thus  the  crystal,  are  unstable  against  either  Zn  A1  and  Ga  atoms  to  interchange.  The  (Zn, ,  V )  pair  or  “mole- 

difltaion  (500-600  ‘C)'-*  or  Si  ion  implantation.5  To  explain  cule”  acts  as  a  high  concentration  pseudovacancy  that  is 

this  behavior  it  has  been  proposed1  that  in  the  usual  intend-  available  for  the  Al-Ga  interchange,  particularly  at  a  heter- 
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Continuous  300-K  laser  operation  of  strained  superlattices 
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Continuous  (cw)  300-K  laser  operation  of  a  66-period  lower  energy  GaAs-In,Ga,  As  (x— 0.2) 
strained  superlattice  (SL)  and  a  higher  energy  128-period  GaAs,  _xPx-GaAj  (x- 0.25)  strained 
SL  is  demonstrated.  The  strained  SL‘s  are  grown  by  organomecalUc  vapor  phase  epitaxy 
(OMVPE)  or  metalorganic  chemical  vapor  deposition  (MOCVD)  with  higher  gap  quaternary 
confining  layers  and  Lt —75  A  barriers  and  L,  —75  A  quantum  writs.  These  SL‘s  are  unstable 
during  high  level  excitation,  foiling  in  2-20  min  when  operated  cw  at  300  K  as  photopumped 
lasers. 


PACS  numbers:  42.53.Px,  78.45.  -I-  h,  78.20.  -  e,  71 

Essentially  all  heterostructure  devices  of  any  practical 
merit  have  been  constructed  in  lattice-matched  III-V  sys¬ 
tems.  For  various  reasons  it  is  interesting  to  consider  heter- 
ostructures  constructed  in  mismatched  systems.  Not  the 
least  of  these  is  the  fact  that  high  quality  binary  substrates 
are  not  available  at  all  the  interesting  or  desired  lattice  sizes, 
and  hence  mismatched  III-V  layer  growth  in  some  circum¬ 
stances  is  inevitable.  Also,  in  many  cases  it  is  of  some  inter¬ 
est,  for  physical  and  bond  structure  reasons  (e.g.,  zone-fold¬ 
ing  experiments},1  to  grow  (in  thin  layer  form)  one 
mmatehaA  material  on  another.  In  addition,  it  is  of  some 
importance  for  general  understanding  to  establish  what  limi¬ 
tations  and  consequences  arise  from  growing  heterostruc- 
tures  with  mismatched,  and  thus  strained  thin  layers.  For 
example,  recently  we2  have  shown  that  a  OaASi .  x  Px -OaAs 
(x — 0.23)  strained  superlattice  (SL)  is  capable  of  putaed-exd- 
tation  photopumped  laser  operation  at  300  K,  which  would 
not  be  possible  if  a  high  density  of  defects  existed  at  the  large 
number  (132)  of  heterointerfoces.  Since  a  strained  SL  will 
operate  as  a  laser,2  an  immediate  unanswered  question  is 
that  of  whether  a  strained  SL  is  capable  of  continuous  (cw) 
300-K  laser  operation,  and  whether  the  operation  and  thus 
the  SL  are  stable.  In  this  letter,  we  demonstrate  the  former, 
but  at  the  high  excitation  level  characteristic  of  cw  300-K 
laser  operation  ( — 10*  A/cm2)  the  luminescence  decays  as 
the  strained  SL  degrades. 

Two  fundamentally  different  strained  SL’s,  a  66-period 
GaAs-In.Ga^.As  (x~0.20)  SL  and  a  128-period 
GaAs,  _  x  Px  -GaAs  (x— 0.25)  SL,  have  been  grown  for  these 
experiments  by  organometallic  vapor  phase  epitaxy 
(OMVPE)  or  metalorganic  chemical  vapor  deposition 
(MOCVD).1  As  for  the  case  of  highly  uniform 
AlxGa,  _  „  As-OaAs  SL’s  grown  earlier  by  VPE,4  in  the  pre¬ 
sent  case  the  crystal  growth  apparatus  is  electronically  oper¬ 
ated  and  computer  controlled.  The  crystal  growth  is  first 
calibrated  with  respect  to  composition  (x)  and  growth  rate 
(layer  thickness)  on  easily  examined  thicker  layers.  Growth 
rates  are  typically  400  A/rain  for  these  structures.  A  special 
feature  of  the  crystal  growth  apparatus  is  its  capability  for 
handling  the  four  components  Ga,  In,  AL  and  As  in  the  case 
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of  GaAs-In.-Ga,  _xAs  SL’s  and  Ga,  Al,  As,  and  P  in  the 
case  of  GaAs,  _  x  Px -GaAs  SL’s.  This  has  made  it  possible  to 
provide  higher  gap  lnxAl,Ga,  _x_rAs  (x— 0.1,  y~ 0.6) 
confining  layers  on  the  66-period  SL  with  InxGa,_xAs 
quantum  wells  and  higher  gap  Al,Ga,  _,As,  _XPX  (x— 0.25, 
y— 0.6)  confining  layers  on  the  128-period  SL  with  GaAs 
quantum  wells. 

A  shallow-angle  ( <0.5*)  or  slant  cross  section  of  the 
alloy  well  SL  is  shown  in  Fig.  1.  At  the  bottom  of  the  figure  is 
a  GaAs  substrate,  which  is  followed  by  a  thin  InxGa,  _xAi 
layer  (g)  linearly  graded  fromx  —  0  (GaAs)  tox  ■»  0. .1,  i.*.,  to 


[GaAs— lnxG»j_JfAr  Strained  4.  H 


FIO.  1.  Shallow-angle  I  <  0.3*)  croc*  section  of  a  66-pcnod  strained  SLcon- 
ustmg  of  L,  -73  A  In.Oa,  _,As  (jc — 0.2)  quantum  wells  coupled  by  L, 
-73  A  GaAs  barrier*.  A  traded  region  (g)  of  In, Ga, .  ,As  lOorcO.l)  is 
Srsr  grown  on  s  GtAs  substrate  (by  OMVPE!.  This  is  followed  by  tn  -900- 
A  In,  Al,Ga,...,  A*  coniniiii  layer  (arrow*  at  lowar  right).  The  -  l-^tn 
strained  SL  is  next  (center  arrawsl,  with  tn  -900-A  In,  Al.Gs,  ,,As 
u— 0.1.  jr-O.hi  confining  layer  on  top.  (The  upper  layers  appear  thicker 
because  of  rounding  of  the  "comer"  formed  by  the  slant  cross  section  and 
the  wefer  surface.  I 
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Data  are  presented  on  very  low  threshold  photopumped  separate-confinement  quantum-well 
heteroatrocture  (SC  QWH)  laaen  grown  by  metatarnnic  chemical  vapor  deposition  (MOCVD). 
An  unusually  thin  sfegfr  quantum  well  (size  £t  560 A)  is  employed  in  theQWH  with  the  carriers 
confined  (“trapped")  in  the  interior “cladding”  region,  which  serves  also  as  the  optical  waveguide. 
Excess  carriers,  which  are  photogenerated  (or  injected),  are  confined  in  the  thin  interior  cladding 
region  (size  Lt  — 1000  A)  and,  in  this  charge  reservoir  and  waveguide  region,  are  thetmionicaOy 
“emitted**  back  and  forth  across  the  well  until  scattered  to  lower  energy  in  the  well  (4£~fiwLO) 
and  collected.  Continuous  (cw)  300  K  photopumed  laser  operation  of  these  QWITs  is 
demonstrated  for  very  short  cavities.  For  one  QWH  wafer  laser  operation  occurs  at  A~ 7730  A 
with  a  photopumping  threshold  of 380  W/cm1  (/.,  — 160  A/cm1)  and  for  another  wafer  at 
X  ~ 7000  A  with  threshold  10*  W/cm  Vi*  ~  410  A/cm2).  The  photopumped  samples  are  as  small 
as  20  x  40 pan,  thus  making  these  laser  thresholds  ( for  such  short  cavity  lengths)  a  factor  of  3- 10 
better  than  the  lowest  previously  reported. 

PACS  numbers:  78.43.  +  h,  42.33.Px,  78.33.  -  m,  78.20.  -  e 


I.  INTRODUCTION 

Recently  a  single  quantum-well  heterostructure 
(QWH)  laser  has  been  introduced  that  consists  of  an  ultra 
thin  quantum  well  [L,  <80  A)  inserted  into  the  center  of  the 
narrower  gap  thin  interior  “cladding”  region  (see  inset  of 
Fig.  I).1  This  is  an  interesting  and  usefal  design  because  the 
laser  waveguide  properties  are  determined  by  the  interior 
cladding  portion  of  the  structure  \L< )  and  the  carrier  recom¬ 
bination  by  the  quantum  well  (LX  which,  in  fact,  can  be 
much  smaller  in  size  than  L,  ss  80  A  (the  collecting  limit  of  a 
GaAs  quantum  well  confined  between  thick  Al,Ga,  _  „  As 
layers).2  In  the  central  region  of  dimension  Lt  =0.1  /am  (in* 
set  of  Fig.  1)  the  excess  injected  or  photogenerated  electrons 
recombine  or  are  collected  in  the  well  and  then  recombine. 
The  injected  carriers  are  confined  ["trapped  ")  near  the  quan¬ 
tum  well  within  distance  and  if  an  electron  is  not  scat¬ 
tered  to  lower  energy  (A£-~ha>to)  and  collected  on  its  first 
excursion  over  the  well,  it  will  repeat  the  traversals  until 
captured  in  the  well  or  until  after  a  long  enough  time  it  re¬ 
combines  outside  of  the  well  (in  the  confinement  region  Lf  of 
Fig.  1).  Before  this  occurs,  however,  the  confined  carriers 
experience  an  increased  probability  of  capture  in  the  quan¬ 
tum  well  because  of  being  in  a  constant  state  of  transport 
(thermionic  “emission”)  across  the  well.  In  essence,  because 
of  the  carrier’s  multiple  opportunities  to  scatter  into  the  well, 
the  extremely  small  well  appears  magnified  in  respect  to  car¬ 
rier  capture  land  recombination)  but  is  not  itself  the  source  of 
much  absorption.  In  other  words,  the  internal  cladding  re¬ 
gion  of  width  Lf  acts  u  a  reservoir  for  excess  carriers.  In 
addition,  the  very  thin  QW  absorbs  very  little  light  in  its 
unpumped  state  and  only  very  little  current  then  renders  it 
transparent.  Thus  an  extremely  small  single  quantum  well 


can  be  used  to  advantage  in  a  QWH  laser.  In  this  paper  we 
show  »bar  a  single  quantum-well  heterostructure  as  de¬ 
scribed  is  capable  of  extremely  low  threshold  continuous 
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FIO.  I.  lam  (Srwbokl  cw  300  K  AJ.Ga,  As  quantum- well  beteroecnic- 
tun  laser  I A  -  7730  A)  u  shown  i  conduction  band)  in  the  inset.  The  photo- 
pumped  i ample  (20  x  40  pin  areal  reaches  threshold  at  3  mW  of  measured 
phosopumpinf  |Ar*  laser,  5145  A).  Half  of  thn  power  is  transmitted  to  and 
»  focused  on  the  the  sample,  or  380  W/cnr  - 140  A/cm:).  The  dashed 
curve  fdl  corresponds  to  77  K. 
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LOW-THRESHOLD  SINGLE  QUANTUM 
WELL  (60  A)  GaAIAs  LASERS  GROWN 
BY  MO-CVO  WITH  Mg  AS  p-TYPE 
DOPANT 


Indexing  Mrw  Semiconductor  devices  and  materials.  Semi¬ 
conductor  lasers 

The  letter  reports  low-threshold  MO-CVD  GaAIAs  DH 
( -  7730  A)  lasers  coatainiai  Mg  as  the  p-type  dopant  The 
structure  consists  of  symmetric  stepped  index  cladding  layers 
on  both  sides  of  a  thin  single  quantum  well  ( —60  A)  active 
region.  Broad-area  threshold  current  densities  of  460  A  an'1 
and  270  A  cm*1  are  achieved  for  cavity  lengths  of  230  and 
300  tan,  respectively.  Broad-area  room-temperature  lasers 
without  beet  coatings  emit  in  excess  of  400  mW/fxcet  CW 
output  power. 


We  report  low-threshokl  operation  of  a  quantum  well  diode 
laser,  whose  p-side  cladding  regions  and  active  region  are 
magnesium-doped.  Mg  is  expected  to  be  more  attractive  than 
Zn  as  a  p- type  dopant  in  GaAs  and  related  III-V  compounds 
because  the  diffusion  coefficient  of  Mg  is  about  10*  times 
lower  than  that  of  Zn  in  GaAs.1  Zn  has  been  shown1  to 
migrate  in  Ga, .  ,Al,As  at  low  temperature  and  produce  com¬ 
positional  disorder  at  a  Ga,  ..Al.As-GaAs  interface.  Mtikai  et 
at.3  showed  that  Mg  can  be  incorporated  as  an  acceptor  in 
liquid  phase  epitaxy  (LPE)  grown  Ga,  .^AI^As  and  that  the 
resistivity  of  Ga,  ..AI^As  doped  with  Mg  exhibits  a  low  tem¬ 
perature  dependence.  Wolf  et  at.*  reported  very  low  degrada¬ 
tion  (about  10* 5  h“‘  at  100-120X)  GaAIAs  DH  (8800  A) 
v»xide  stripe  lasers  grown  by  liquid  phase  epitaxy  using  Mg  as 
the  p-type  dopant  in  the  cladding  layer.  Recently,  a  metalorga- 
nic  compound  bis(cyclopentadienyl)  magnesium  (C,H,)2Mg 
was  reported  to  yield  excellent  results  as  a  source  of  Mg  in 
MO-CVD  growth.5  However,  diode  lasers  grown  by 
MO-CVD  with  Mg  as  a  p- type  dopant  have  not  been  repor¬ 
ted. 

Tsang*  '-and  Hersee  et  al.s  have  used  a  graded  aluminium 
fraction  (x|  in  the  Ga,  _,AlIAs  optical  cavity  cladding  a  quan¬ 
tum  well  active  region*10  to  substantially  reduce  the  broad- 
area  lasing  threshold  compared  with  a  conventional  double 
heterostructure  laser.  The  lasers  were  grown  by  MBE*,T  with 
undoped  active  and  graded  cladding  regions  and  by  low- 
pressure  MO-CVD  with  Zn  as  a  p-type  dopant.  Using  atmo¬ 
spheric  pressure  MO-CVD  in  a  vertical  reactor. 11  *IJ  we  too 
have  grown  and  characterised  broad-area  lasers  with  a  similar 
structure.  +  These  devices  contain  a  symmetric  step  index  in 
the  cladding  regions  (in  contrast  to  graded  index  layers6,1) 
bounding  a  single  quantum  well  that  is  not  intentionally 
doped.  Threshold  current  densities  below  300  A  cm1  were 
measured  for  various  well  thicknesses  between  60  and  200  A. 
All  these  devices  utilised  Zn  as  the  p-type  dopant. 
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Fig.  1  Illustrating  the  variation  tit  aluminium  'ruction  x  with  layer 
thickness  tor  me  iaser 

*  iH.R-.Hcvt.  it  o.  scifres.  o  x„  and  streifer.  w  :  Unpublished  results 


Our  purpose  in  this  letter  is  to  describe  a  similar  laser  with 
the  same  reduction  in  broad-area  threshold  current  density, 
but  employing  Mg  as  the  p-type  dopant  in  both  the  cladding 
and  active  layers.  The  structure,  layer  compositions  and  thick¬ 
nesses  are  shown  in  Fig.  1.  The  active  region  contains  -  5% 
Al  and  is  60  A  thick;  the  inner  claddings  are  composed  of 

-  30%  Al  and  are  600  A  thick;  the  outer  regions  contain 

-  75%  Al. 

Fig.  2  shows  typical  broad-area  light-output/pulsed-current 
(L/l)  characteristics  at  300  K  for  two  different  cavity  lengths. 
For  a  laser  250  tan  long  and  216  pm  wide,  Jlk  2  460  A  cm  *1, 
whereas  500  pm-long  lasers  of  the  same  width  have  thresholds 
of  J,k  =  270  A  cm'1.  Although  the  Al  constituted  only  5%  of 
the  active  layer,  the  500  pm-  and  250  pm-long  devices  lased 
simultaneously  in  several  longitudinal. modes  centred  at  7718 
A  and  7755  A,  respectively;  the  difference  in  photon  energy 


pulsed  current.*  ICTI 


Fig  2  Pulsed  room-temperature  L.I  characteristics  lor  a  symmetric 
step  index  Ga,  .  tAl,As  single  quantum  well  heterostructure  laser  diode 
with  '50  pm-  and  500  qm-lonq  cacti  y  lenqths 

between  the  lasers  and  the  bandgap  of  Ga0  a,Al,,.„,As  is  2 
120  meV,  which  results  from  the  quantum  size  effect.*101*  In 
particular,  this  energy  is  in  good  agreement  with  the  lowest 
confined  carrier  transition.  The  theoretical  lasing  wavelength 
for  a  transition  from  an  n  -  I  electron  and  a  light  hole,  in  a 
55-60  A  quantum  well  with  a  barrier  height  of  310  meV.  is 
7775-7845  A.  This  indicates  efficient  carrier  scattering  into  the 
well,  enhanced  by  the  particular  symmetric  stepped  index 
cladding  layers.  Moreover,  the  wavelength  difference  with 
laser  length  arises  because  the  peak  gain  of  the  quantum  well 
laser  may  shift  slightly  with  active  region  charge  density.  We 
also  note  that  the  differential  efficiencies  of  the  250  pm  and 
500  pm  length  lasers  are  approximately  equal.  This  result, 
which  is  similar  to  that  reported  by  Tsang.'  indicates  that 
either  the  internal  losses  are  negligible  compared  with  the 
facet  transmission  losses  and>or  the  internal  efficiency  n,  de¬ 
creases  with  increasing  active  region  charge  density 
(corresponding  to  reduced  laser  length).  Indeed  the  internal 
losses  may  well  be  small,  but  we  believe  it  more  iikely  that 
carrier  leakage  effects15  are  responsible  for  a  decrease  in  the 
apparent  internal  efficiency.  It  is  also  possible  that  circulating 
modes16  are  present  and  act  to  reduce  q, 

Fig.  3  compares  the  light-output  current  iL  l  \  characteristic 
for  the  laser  with  a  250  pm-long  cavity  and  a  216  pm-width 
under  pulsed  and  CW'  operation.  Under  pulsed  conditions. 
/.„  2  300  mA  and  the  differential  quantum  efficiency  is  2 
67”...  For  CW  operation  2  350  mA  and  the  differential 
quantum  efficiency  is  2  5~"  •.  The  reduced  differential  quan¬ 
tum  efficiency  under  CW  conditions  's  probablv  a  wonse- 
quence  of  laser  heating  Laser  threshold  ncrea-es  -vith 


Inst.  Phyt  Conf  Ser.  No.  6S:  Chapter  4 

Paper  pretexted  at  bit.  Symp.  GaAi  and  Related  Compound*.  Albuquerque,  1983 


233 


Disorder  of  AlAs/GaAs  superlattices  by  the  implantation  and 
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Abstract 

Thraa  — thoda  ara  — amrtnad  for  dlsordarlng  AlAs-CaAs  suparlattlcas 
(SL's)  grown  by  — talorganlc  chaalcal  vapor  daposltlon  (HOCVD) :  Zn 
diffusion,  SI  1—  Implantation  and  Zn  Ion  laplantatlon.  Dlsordarlng 
occurs  la  a  binary  SL  whan  tha  ordarad  structura  of  altarnatlng  AlAs 
layars  and  CaAs  layars  la  scraablad  to  form  a  coo  positionally 
hoaoganaous  alloy  of  AlxGa1_xAa.  Each  of  tha  — thods  pa  nits 
dlsordarlng  of  salactad  raglons  and  aach  has  its  own  charactarlstlc 
attrlbutas.  Tha  concantrstion  of  Zn  nacassary  to  produca  dlsordarlng 
Is  astlaatad  and  nodals  for  tbs  anhanca— nt  of  Al-Ga  Inter  diffusion  by 
tha  formation  of  Impurity-vacancy  molecules  are  discussed. 

1.  Introduction 

In  recant  work  we  have  shown  (Colanan  at  al  1982,  Holonyak  at  al  1981, 
Laldlg  at  al  1981)  that  tha  structura  of  quancum-well  heterostructures 
(QVH)  and  suparlattlcas  (SL)  containing  alternating,  thin  layers  of  tha 
binary  cost  pounds  AlAs  end  GaAs  can  be  fundamentally  altered  at  relatively 
low  temperatures  by  Impurity  Incorporation.  In  selected  raglons 
delineated  by  photolithographic  techniques,  tha  presence  and  movement  of 
impurities  such  as  Zn  and  SI  causa  tha  sharply  defined  altarnatlng  layars 
of  purs  AlAs  and  GaAs  to  intermix,  resulting  In  disordered  AlTGaj_xAs. 
Tha  composition  para— ter  x,  of  the  resulting  alloy  depends  on  the 
relative  thicknesses  of  tha  original  AlAs  and  GaAs  layers.  In  earlier 
work,  we  described  tha  observation  of  this  disordering  phanome non  occurr¬ 
ing  in  AlAs-GaAs  suparlattlcas  grown  by  —talorganlc  chemical  vapor  depos¬ 
tion  (MDCVD)  (Coleman  et  al  1981)  that  have  been  diffused  with  Zn  or 
Implanted  with  SI  ions.  For  both  of  these  spades  the  tea perature 
(diffusion  t— perature  or  Implant  anneal  t— perature)  at  which  disordering 
occurs  is  much  lower  than  either  the  original  growth  t— perature  of  tha 
layars  (-  730  *C)  or  the  temperature  at  which  thermal  disordering  la  known 
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We  present  a  simple  theory  of  the  dielectric  function  in  superlattices.  The  calculation  is  performed 
separately  for  different  symmetry  points  of  the  band  structure.  We  assume  that  among  the 
contributing  states  only  the  /*  states  are  influenced  substantially  by  size  quantization  and  the 
electronic  states  at  r  are  calculated  by  using  a  simplified  k-p  method.  New  features  of  the 
dielectric  constant  of  superlattices  are  a  fine  structure  due  to  zone  folding  (subbands)  and  a  small 
anisotropy  due  to  the  lower  symmetry.  Except  for  these  finer  details,  the  index  of  refraction  of  a 
superlattice  is  well  approximated  by  the  corresponding  constant  for  an  alloy  Al, Ga,  As  where 
x  is  the  averaged  Al  mole  fraction  of  the  superlattice. 

PACS  numbers:  77.20.  +  y,  78.65.  -  s,  77.55.  +  f,  78.20.Dj 


I.  INTRODUCTION 

Although  some  experimental  results  have  been  reported,1*2! 
the  dielectric  constant  (index  of  refraction)  of  superlattices 
and  heterostructures  has  not  yet  been  investigated  theoreti-  > 
cally.  This  paper  addresses  two  major  issues.  First,  we  exa¬ 
mine  the  modifications  of  the  dielectric  constant  by  size' 
quantization  and  by  the  anisotropy  introduced  by  the  lower 
symmetry  of  the  superlattice  compared  to  the  host  material. 
Secondly,  we  determine  theoretically  the  absolute  value  of 
the  index  of  refraction,  which  is  essential  for  device  applica- . 
tions.  Recently  Holonyak  and  co-workers3*4  have  shown 
that  superlattices  can  b e  selectively  interdiffused  generating 
patterns  of  AlGaAs  alloy  and  GaAs-AIAs  superlattice  re-  ; 
gions.  The  experimental  findings  show  that  the  intermixed 
and  the  superlattice  regions  exhibit  differences  in  the  dielec¬ 
tric  constant  band  gap  and  electronic  properties.  The  ob¬ 
vious  potential  of  these  structures  for  applications  in  inte¬ 
grated  optics  makes  the  detailed  knowledge  of  parameters 
determining  the  dielectric  constant  and  especially  the  index 
of  refraction  desirable.  Unfortunately,  the  simplest  ap¬ 
proach,  the  Penn  model,5  cannot  be  directly  applied  to  a 
superlattice  structure  for  the  following  reasons.  j 

(i)  The  Penn  model  considers  only  two  bands  having  a  ( 
peak  in  the  density  of  states  at  the  band  edges.  The  dielectric 
constant  of  a  real  semiconductor  contains  major  contribu¬ 
tions  from  several  symmetry  points  within  the  bands.  These 
points  are  shifted  (quantized)  differently  by  the  additional 
periodicity  of  the  superlattice. 

(iij  The  Penn  model  has  spherical  symmetry  while  the  su-  ! 
periattice  has  cylindrical  symmetry. 
- 1 


Therefore,  we  introduce  a  model  for  the  dielectric  con¬ 
stant  which  considers  differently  contributions  from  P  and 
other  transitions  such  as  X  and  L.  The  P  valley  is  treated  by 
the  k-p  method.  The  influence  of  the  superstructure  (using  a 
Kronig-Penney  model)  is  only  included  for  the  states  at  /*. 
Although  the  states  around  X  and  L  also  are  shifted,  the  shift 
is  weaker  because  of  the  larger  effective  mass  and  because  of 
the  parallel  curvature  of  valence  and  conduction  band.  We 
did  not  include  these  contributions  in  this  preliminary  study 
since  there  are  only  few  experimental  results  of  the  X  and  L 
shifts  available. 

We  are  currently  developing  a  more  rigorous  treatment 
which  includes  the  energy  changes  at  L  and  X  in  the  same: 
way  as  described  below  for  r.  The  changes  in  the  contribu¬ 
tions  of  the  third  valence  band  (spin-orbit  splitting)  to  the: 
dielectric  constant  have  been  estimated  to  be  small  and,  for 
the  time  being,  neglected.  In  spite  of  the  oversimplification, 
our  model  still  describes  the  experiments  on  the  index  of 
refraction  quite  well  and  shows  the  physical  significance  of 
the  various  contributions. 

It.  TRANSVERSE  DIELECTRIC  FUNCTION 

In  discussing  the  optical  properties  of  superlattices,  the 
transverse  dielectric  function  eiq^y)  is  adequate  to  describe 
the  response  of  electrons  to  a  transverse  perturbation  such  as 
an  electromagnetic  field.  In  optical  experiments  the  wave 
vector  q  of  the  photons  is  very  small  and  therefore,  will  be 
approximated  to  be  zero  (long  wave  limit).  Then,  in  the  re¬ 
duced  zone  scheme,  the  real  pan  and  the  imaginary  pan  of 
the  dielectric  constant  are  given  by* 
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AbMract — A  theoretical  model  for  the  distrikmtioo  of  charted  camen  at  the  iotcifaee  of  a  doped  Al»Gai-,As- 
itedoped  CaAs  heterottnictue  it  evaluated.  Auunnot  a  triangular  potential  well  at  the  interface,  we  obtain 
numerically,  curves  describing  the  Fermi  energy,  depletion  width  in  the  alloy,  aad  average  separation  of  imparities 
and  earners,  aad  the  electron  density  at  the  interface  as  functions  of  aBoy  layer  composition  and  doping  level  The 
results  obtained  can  be  applied  to  multiple  hcteromterface  quantum  well  beterostractuns  aad  snperiaitices  as  wel. 
Carrie  concentration  profile  data  on  a  51-layer  doped  QWH  grown  by  MOCVD  ate  presented  aad  are 

discussed  usiag  the  results  of  the  aodeL 


Modulation  doped  GaAs-Al„Gai-,As  quantum  well 
heterostroctures  (QWH)  have  found  a  variety  at  ap¬ 
plications  inc  hiding  lasers  [1]  aad  high  mobility 
transistors  [2].  Theoretical  models  for  the  charge  dis¬ 
tribution.  depletion  width,  size  quantization  effects,  etc. 
are  available  [3. 4]  but  have  not  been  evaluated  is  much 
detail  for  modulation  doped  GaAs-ALGti-.As  struc¬ 
tures.  In  this  note  we  present  a  model  for  the  electronic 
equilibrium  properties  of  a  modulation  doped  QWH  (in- 
chiding  size  quantization  effects)  which  is  simple  enough 
to  be  applied  to  actual  device  structures  and  we  compute 
the  Fermi  energy,  depletion  layer  width  (in  the 
Al,Ga(.,As),  impurity-electron  distance  aad  other  im¬ 
portant  parameters,  as  a  function  of  doping  concentration 
and  alloy  composition  for  a  single  hettromterface.  Many 
of  the  results  thus  obtained  are  also  valid  for  multiple 
heterointerfaces  and  siperlattices.  We  show  that  these 
results  can  be  used  to  approximately  predict  the  average 
distance  of  the  electrons  from  the  interface  aad.  there¬ 
fore.  the  basic  characteristics  of  carrier  concentration 
profiles  in  multiple  quantum  well  heterostructnres. 

Shown  in  Fig.  1  is  a  typical  energy  band  structure 
which  is  used  to  develop  the  model  for  a  single  interface 
of  a  modulation  doped  QWH.  The  simplest  ap¬ 
proximation  for  the  self-consistent  potential  at  the  inter¬ 
face  is  a  triangular  well  (4. 5],  The  solution  for  (he 
envelope  function  £(:)  of  the  electron  wavef unction, 
and  the  quantized  energy  levels  have  been  given  by 
Stem[?]: 


£,- 
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Using  the  notation  shown  in  Fig.  1  and  assuming  donor 
doping  in  the  Al„Gi,_,As  barrier  Inyen  aad  unitt- 
tentional  background  doping  levels  in  the  GaAs  wells,  we 
obtain  the  Poisson's  equation: 
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From  charge  neutrality  and  the  band  structure  of  Fig.  1. 
we  get 
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The  structure  of  strained-layer  quantum  well  heterostructures  grown  by  metalorgank  chemical 
vapor  deposition  has  been  examined  using  both  conventional  and  high  resolution  electron 
microscopy.  It  has  been  possible  to  show  that  the  lattice  mismatch  in  superlattice  systems 
containing  strain  of  up  to  7.1  x  10~3  is  accommodated  by  the  introduction  of  a  tetragonal 
expansion  and  compression  of  the  lattice  of  successive  layers.  This  can  be  seen  in  the  splitting  of 
the  (001)  spots  in  the  electron  diffraction  "pattern  and  by  the  bending  of  (1 1 1)  lattice  fringes  at  the 
heteropincdon  interfaces. 

PACS  numbers:  68.48.  +  f,  61.70.Jc,  61.50Jr,  61.35.  -  x 


It  has  recently  been  shown  that  a  strained-layer  super¬ 
lattice  (SL)  can  be  grown  free  enough  of  defects  (dislocations) 
to  make  possible  stimulated  emission. 1  The  results  presented 
in  this  letter  were  obtained  on  crystals  grown  by  metalor- 
ganic  chemical  vapor  deposition  (MOCVD)  that  have  been 
shown  to  operate  as  continuous  (cw)  300-K  lasers  when  pho- 
topumped  with  a  100-mW  Ar*  laser  (5145  A).1  The  photo¬ 
luminescence  from  a  photopumped  sample  made  up  ofl  50- 
Alno.jGao.1  As  quantum  wells  and  150-AGaAs  barriers  (66 
periods)  grown  on  a  ( 100)  GaAs  substrate  is  shown  in  Fig.  2 
of  Ref.  1.  This  material  has  a  strain  of  7.1  x  10" 3  and  has 
been  shown  to  operate  as  a  cw  laser  for  5  min  (high  excitation 
level,  •/«,  — 103  A/cm2)  before  failure  occurs,  a  network  of 
dislocations  being  visible  in  the  excited  regions.20  The  re¬ 
sults  of  an  electron  microscope  study  of  a  variety  of  these 
strained-layer  superlattices  are  presented  here.  These  results 
show  the  defect-free  nature  of  the  heterointerfaces  and  the 
uniformity  of  the  layers.  Of  particular  interest,  high  resolu¬ 
tion  electron  microscopy  in  conjunction  with  electron  dif¬ 
fraction  has  been  used  to  examine  the  manner  in  which  the 
lattice  mismatch  is  accommodated.  The  strain-produced 
distortion  of  the  lattice  is  shown  directly  by  lattice  imaging 
and  by  diffraction  measurements. 

The  SL  crystals  were  sectioned  normal  to  the  plane  of 
growth  [1 100)  plane]  so  that  the  layers  are  visible  in  cross 
section,  the  electron  microscope  specimen  normal  being  a 


FIG.  i.  TEM  micrograph  of  a  GaAi^P^-to^Ga*,.  As  superiatttce 
taken  on  a  [1 10}  pole  indicaung  the  uniformity  of  the •  100)  layers. 
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The  epitaxial  growth  of  mismatched  or  strained  III-V  layers  was  shown  to  be 
viable  as  early  as  I960.  Osbourn  et  alz  suggested  that  strained  layer  GaP- 
GaAsi_xPx  superlattices  grown  by  organo-metalllc  vapor  phase  epitaxy  (OMYPE) 
could  he  used  to  fold  the  Brlllouln  zone  and  make  Indirect-crystal  direct. 

More  recently.  It  has  been  shown  that  a  strained-layer  superlattice  can  be 
grown  free  enough  of  defects  at  heterointerfaces  to  make  possible  stimulated 
emission.  This  has  been  demonstrated  on  OMVPE  GaAs^.xPx-6aAs  (x*0.25)  and 
GaAs-InxGa.  XA$  (x«0.2)  strained  layer  superlattices  which  have  been  operated 
as  phqtopuoped  continuous  (cw)  300K  lasers  but  which  at  high  excitation  levels 
(>  lO-’Acm*2)  prove  to  be  unstable.  This  paper  presents  the  results  of  an 
eTectron  microscope  study  of  the  defects  produced  in  a  GaAs-InxGa^.xAs 
strained  superlattice  as  a  result  of  high  excitation  levels  of  operation. 


The  strained  superlattice  was  grown  by  OMVPE,  the  crystal  growth  apparatus 
being  electronically  operated  and  computer  controlled  resulting  In  a  highly 
uniform  superlattice  (SL)  as  Is  shown  In  fig.  1.  A  GaAs  substrate  was  used, 
then  a  thin  layer  of  InxGai_xAs  linearly  graded  from  x«0  (l.e.  GaAs)  to  x-0.1 
l.e.  to  the  average  composition  of  the  superlattice.  An  850A  confining  layer 
of  InxAlyGai_x_yAs  grown  prior  to  a  66-period  GaAs-ln  Ga^As  (x-0.2) 
strained* superiattlce.  This  represents  a  strain  of  7x10  . 

*  The  specimens  were  photopumped  with  the  lOQmW  or  less  output  of  an  Ar+  laser 
(5145A).  Regions  therefore  existed  within  the  material  which  had  failed  due 
to  damage.  Specimens  were  sectioned  perpendicular  to  the  growth  direction  and 
then  Ion  beam  thinned  for  examination  In  the  TEM.  Another  specimen  In  the 
plane  of  growth  was  later  prepared  In  a  similar  way.  Regions  containing  dis¬ 
locations  in  the  graded  layer  were  found  in  the  undamaged  areas  but  they  did 
not  propagate  Into  the  superiattlce  which  was  virtually  defect-free  (fig.  2.) 
This  type  of  dislocation  was  also  found  In  the  as-grown  material  and  Implies 
that  it  is  possible  to  grow  defect-free  layered  structures  on  a  substrate  that 
contains  dislocations.  In  the  areas  of  the  specimen  which  had  failed,  dis¬ 
locations  could  be  seen  running  from  one  superiattlce  layer  to  another  as  well 
as  along  the  interfaces  between  the  layers.  This  Is  shown  in  fig.  3.  The 
dislocations  had  <liO>  Burgers  vectors  which  Is  the  primary  direction  in 
diamond  cubic  structures.  A  specimen  taken  in  the  plane  of  growth  clearly 
showed  the  dislocations  produced  by  the  photopumping.  High  densities  of 
dislocations  were  centered  around  the  path  of  the  photopumping  laser  separated 
by  regions  of  perfect  crystal  (fig.  4).  These  damaged  regions  were  -15um 
wide  and  separated  by  ~  500um.  This  corresponds  well  with  the  diameter  of  the 
focused  laser  beam  and  the  separation  of  the  laser  damaging  passes. 


The  failure  of  these  strained  superlattices  can  therefore  be  seen  to  result 
from  the  Introduction  of  a  large  number  of  dislocations  due  to  laser  oper¬ 
ation.  It  should  be  noted  however,  that  defect  free,  highly  strained  super¬ 
lattices  can  be  grown  by  OMVPE.  These  fail  when  used  at  high  levels  of 
excitation  but  they  may  be  useful  if  used  in  devices  requiring  tow  energy 
drive  levels  below  that  at  which  damage  occurs.4 
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Photopumped  low  threshold  AI^Ga-,  _x.  As-Alx^Ga1  .x  As-AI^GSi  _xAs 
(at'— 0.85,  x'~  0.3,  x  =  0)  single  quantum  well  lasers 
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Data  are  presented  showing  that  it  is  possible  to  photopump  and  operate  a  quantum  well 
heterostructure  laser  at  equivalent  current  densities  (/„ )  as  low  as  70  A/cm2.  Continuous  300-K 
laser  operation  of  a  single  60- A.  GaAs  (r>0|  quantum  well  in  the  center  of  a  -0. 1 2 thick 
x’ —0.30  A3,  Ga,  _  x  As  waveguide  (and  carrier  reservoir),  which  is  confined  by  x"  —0.83 
Al„-  Ga,  As  layers,  is  demonstrated  at  /n  —0.4  mA  (168  W/cm2,  /«,  -70  A/cm2).  These 
quantum  well  heterostructures  are  grown  by  organometallic  vapor  phase  epitaxy. 

PACS  numbers:  42.55.Px,  78.20Jq,  78.45.  +  h,  78.55.Ds 

Since  the  first  construction  of  semiconductor  lasers1-*  been  achieved  by  resorting  to  a  variety  of  narrow  stripe  con- 

and  then  the  demonstration  of  continuous  (cw)  300-K  oper-  figurations,7  and  this,  and  not  particularly  low  current  den¬ 
ation,54  a  continuing  goal  has  been  that  of  reducing  the  sities  ( - 103  A/cm2),  has  been  mainly  the  basis  for  cw  300-K 

threshold  current  density/,,  for  continuous  (cw)  300-K  op-  semiconductor  laser  operation.  A  more  fundamental  ap- 

nation  into  the  range  of  normal  power  devices,  say,  proach  to  improving  semiconductor  lasers  is  to  employ  a 

/,„  5  100  A/cm1.  Low  operating  currents,  as  such,  have  quantum  well  active  region  (see  Ref.  8  for  a  review).  Recent 
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Abstract 

CW  room-temperature  laser  operation  at  7300  a  has  been 
achieved  at  power  levels  up  to  100  mW  with  a  Ga-|.xAlxAs 

(x  -0.22),  -300  A  thick,  single  quantum  well  double 
heterostructure  (SOW -OH)  diode  grown  by  organometailic 
vapor  phase  epitaxy.  The  proton-defined  contact  is  6  jim  wide, 
and  the  front  and  rear  laser  facets  are  coated  for  anti-reflection 
and  high-reflection,  respectively.  The  CW  threshold  current  is 
86  mA  for  a  250  pm  long  device,  and  linear  output  power  vs. 
current  characteristics  are  obtained  up  to  100  mW  with  an 
external  differential  quantum  efficiency  of  1  W/A.  CW  output 
power  exceeds  13  mW  at  100°C.  Between  25-55°C,  the  pulsed 
threshold  current  varies  with  temperature  T  as  exp(T/To)  where 
T0  -187  K. 

Visible  tight-emitting  semiconductor  lasers  with  desirable  properties 
such  as  high  CW  output  powers  and  linear  L-l  characteristics  are  useful  as 
sources  in  printing  and  optical  memory  systems.  Gain-guided  room 
temperature  CW  laser  operation  of  (GaAI)As  diodes  emitting  at 
wavelengths  shorter  than  7500  a  has  been  reported  from  devices  grown  by 
both  liquid  phase  epitaxy  (LPE)  [1]  and  organometailic  vapor  phase  epitaxy 
(OM-VPE)  [2-4].  CW  lasers  grown  by  LPE  [5-7]  with  built-in  refractive 
index  changes  along  the  junction  plane  have  also  been  reported  to  emit  at 
wavelengths  shorter  than  7500  a. 

Clearly,  there  exist  compromises  between  high  power  output  and  short 
wavelength.  Among  the  highest  CW  output  powers  reported  for  "visible” 
diode  lasers  are  those  of  Refs.  2  and  5  for  gain-  and  real-refractive  index 
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ew  room-temperature  operation  of  GaAIAa  single  quantum  well  visible  (7300 
A)  diode  lasers  at  100  mW 
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lOfanW  roam-temperature  cw  laser  operation  at  7300  A  haa  been  achieved  in  a  Ga,  _  „A1,  Aa 
(x— 0.22),  -300  A  thick,  angle  quantum  well  doable  heteroetructure  diode  grown  by 
organometmOic  vapor  phase  epitaxy.  The  proton-delineated  stripe  contact  is  6/m  wide,  and  the 
front  and  rear  laser  facets  are  coated  for  antireflection  and  high  reflection  respectively.  The  cw 
threshold  current  is  86  mA  for  a  250-/jm-long  device,  and  linear  output  power  versus  current 
characteristics  are  obeerved  up  to  100  mW  with  an  external  differential  quantum  efficiency  of  1 
W/A  (59%).  cw  output  power  exceeds  13  mW  at  100  *C  Between  25-33  *C,  the  pulsed  threshold 
current  varies  exponentially  with  temperature  Tea  exp(T/TJ,  where  7"0— 187  K. 

PACS  numbers:  42.53.Px 

Visible  light-emitting  semiconductor  lasers  with  desir¬ 
able  properties  such  as  high  cw  output  powers  and  linear  L-I 
characteristics  are  useful  as  sources  in  printing  and  optical 
memory  systems.  Gain-guided  room-temperature  cw  laser 
operation  of  (GaAl)As  diodes  emitting  at  wavelengths 
shorter  than  7500  A  has  been  reported  for  devices  grown  by 
both  liquid  phase  epitaxy  (LPE)1  and  organometallic  vapor 
phase  epitaxy  (OMVPE).2-4  cw  lasers  grown  by  LPE5-7  with 
built-in  refractive  index  changes  along  the  junction  plane 
have  also  been  reported  to  emit  at  wavelengths  shorter  than 
7500  A. 

Clearly,  there  exist  compromises  between  high  power 
output  and  short  wavelength.  Among  the  highest  cw  output 
powers  reported  for  “visible"  diode  lasers  are  those  of  Reft.  2 
and  S  for  gain,  and  real-refractive  index  waveguide  devices, 
respectively.  As  reported,  &  18  mW  were  obtained  at  7410  A 
in  Ref.  2  and  7250  A  in  Ref.  5,  and  both  lasers  were  close  to 
the  limit  imposed  by  catastrophic  facet  degradation.  In  this 
letter  we  report  cw  room-temperature  operation  of  visible 
GaAlAs  (—7300  A)  OMVPE-grown  single  quantum  well 
double  heterostructure  (SQW-DH)  lasers  at  100  mW.  The 
diode  structure  consists  of  nine  epitaxial  layers  grown  suc¬ 
cessively  at  775  X  by  atmospheric  pressure  OMVPE  in  a 
vertical  reactor  similar  to  that  used  by  Manasevit*  and  Du¬ 
puis  et  al.9  The  layers  are  (a)  n-GaAs  buffer,  0.4/im  thick,  Se 
doped  —lx  10"  cm-3,  (b)  /i-G*o.|)  Ala.,,  As,  -0.4 /am 
thick,  Se  doped  - 1  x  101*  cm-3,  (c)  »-Gaa«  Ala4  As,  - 1.4 
ftm  thick,  Se  doped  —  5x  1017  cm-3,  (d)  n-Ga,  _,Al,As 
where  y— 0.85,  — 1.3  ftm  thick,  Se  doped  — SxlO'^cm-3, 

(e)  undoped  Ga,  _  x  Al,  As  where  x— 0.22,  L,  -  300  A,  (f)  p- 
Ga,  _  y  Alr  As  where  y— 0.85,  — 1.25  ftm  thick.  Mg  doped 
2X  10'*  cm-3,  (g)p-GaQ  t  AIq.4  As,  - 1  ft m  thick.  Mg  doped 
lx  101*  cm*3,  (h)  p-Gao^AlouAs,  -0.4  ftm  thick.  Mg 
doped  -lx  10,#  cm-3,  lil  p- GaAs,  -0.2  ftm  thick.  Mg 
doped  greater  than  4  x  1019  cm'3.  The  use  of  Mg  as  ay-type 
dopant  in  OMVPE  growth  was  first  reported  by  Lewis  et 
al.,'°  and  more  recently  by  Burnham  et  al. 1 1  and  Lindstrdra 
etal. 12  After  growth,  the  wafer  is  masked  with  -4/jm-thick 
photoresist,  and  6*im  lines  on  500-pm  centers  are  exposed 
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with  the  use  of  a  projection  mask  u^gner.  Following  develop¬ 
ment,  the  wafer  is  proton  bombarded  at  100  IceV  to  produce 
damage  to  a  depth  of  —1  ftm  in  the  region  outside  the 
masked  stripes.  After  polishing  the  wafer,  Cr/Au  and  AuGe 
contacts  are  applied  to  the  p  and  n  sides,  respectively.  The 
wafer  is  cleaved  into  250-pm-long  bars  and  diced  into  chips 


CURRENT (mA) 


FIG.  1.  cw  room-temperature  L/I  characteristics  for  a  Ga,  .  ,AI,As 
SQW-DH  laser  diode  with  L.  -300  A  and  -t-0.22.  The  pumping  stripe, 
which  is  proton  delineated,  is  b  ftm  wide  and  the  laser  cavity  length  is  2?0 
urn. 
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Data  are  preaented  on  the  continuous  (cw)  300  K  photopumped  laser  operation  of  a  low  thieabold 
Al,'  Oa,  _  v  As-GaAa  (*'  —0.30)  angle  quantum  well  heteraatnicture  (quantum  well  tire  Lt  —  60 
A)  subjected  to  high  pressure  (0-1 1  kbar)  in  a  simpieopposcd  anvil  apparatus.  Beyond  —  1 1  kbar 
where  the  central  Al,'  Ga(  _  As  waveguide  region  undergoes  a  direct-indirect  transition,  and 
the  waveguide  confinement  begins  to  weaken  and  deep  levels  tend  to  become  important  the  laser 
threshold  increases  rapidly  and  “quenches”  cw  300  K  operation.  Pulsed  300  K  photopumped 
i  laser  operation  of  an  undoped  121-period  Al^Ga,  _,A*-GaAs(jc~0.5)  superlattice  in  the 

pressure  range  from  0-11  kbar  is  shown  for  reference.  The  pressure  coefficients  of  the  quantum 
well  heterostructure  and  the  superlattice  lasers  are  comparable  (—11  meV/kbar). 

PACS  numbers:  62.50.  +  p,78.45.  4-  h.78.20.  —  e,42.SS.Px 

L INTROOUCTION  Al,"  Ga,  _  »  As  and  on  the  other  side  by  —  1  pm  of  Mi- 

High  pressure  been  known  for  some  time  as  a  con-  doped  ( — 5  X  10,7/cm3)  jc  ~0.85  Al,"  Ga,  _  Mn  As.5  TheSL, 

venient  method  to  study  the  band  structure  of  bulk  IH-V  which  is  undoped  and  consists  of  121  periods  of  L, -85  A 

semiconductors.1  Mne  «w*ntiy  high  jirr nun  has  lw  m*d  G*As  wells  and  L t  —80  A  AlxGa,  _ ,  As  (x  0.5)  harriers, 

to  investigate  the  behavior  of  quantum  well  heteiostructuie  «nd  is  capable  of  cw  300  K  laser  operation,*  has  been  caU- 

(QWH)  laser  (diode)  emnaion2  and  superlattice  (SL)  abeoro-  brated  in  earlier  high  pressure  absorption  measurements 

don.1  Unlike  previous  work,  beloJ^Tdo^e  hfch^  115  «~VAbar).J  In  the  present  experiments  the  SL. 
sun  measurements  on  extremely  low  threshold  single  quan-  which  “  kn°wn  to  **  “wel1  behaved”  in  high  pnssun  men- 

tumweUAl /Ga.  -As-GaAs  lasers4-3  that,  as  abewn  here,  suremems,3  is  used  for  the  sake  of  comparison.  Both  forms  of 

can  be  operated  continuously  (cw)  at  300  K  by  photopump-  ““P1®  “*  substr»te  «“»  «mtact-layer  GaAs  by 

ing  in  a  simple  oppoeed  anvil  apparatus.  This  type  of  semi-  polishing  and  selective  etching.  The  bam(  100)  samples  (52 

conductor  lLroperatL  (photopZped,  cw,  300K  at  high  lhick|  m  cle*vf  ul“  ^  «*anfle  and  an  photo- 

pnssun)  has  not  been  previously  demonstrated  and  has  the  pumped  with  an  Ar  laser  (5145  A), 
obvious  advantage  that  doped  or  undoped  samples  can  be  The  small  rectangular  experimental  samples  an  sub¬ 
compand.  We  show  in  the  present  work  that  ultralow  jected  to  high  pnssun  in  a  simple  opposed-anvil  apparatus 

threshold  (cw,  300  K)  QWH  samples,  with  a  single  undoped  that  is  driven  by  a  differential  screw.  One  of  the  anvils  is  a 

GaAs  quantum  well  located  in  an  Alx’Ga,.,' Asps' -0.30)  0.250-in.  diam,  0.250-in.-thick  sapphin  and  the  other  is  pol- 

waveguide  (and  carrier  reservoir),4’3  become  difficult  to  iibed  tungsten  carbide  of  0.125-in.  diameter.  The  samples 

operate  in  stimulated  emission  at  pressures  corresponding  to  themselves  an  preloaded  in  a  0.030-in.-thkk  Be-Cu  gasket 

the/' -ATband  crossover  of  the  barrier  and  waveguide  region.  that  has  a  0.024-in.  center  hole  filled  with  Au.  Because  Au  is 

The  pnssun  coefficient  of  the  low  threshold  QWH  (laser)  soft,  does  not  work  harden,  and  does  not  oxidize,  it  is  used  as 

crystal  is  shown  to  be  comparable  (—11  meV/kbar)  to  that  of  the  pnssun  transmitting  “fluid”.  Once  the  samples  an 

photopumped  undoped  SL  samples.  loaded  onto  the  Au,  they  an  “locked”  in  the  gasket  center  by 

a  small  squan  (0.030X  0.030X 0.004  in.)  diamond  heat  sink 
II.  EXPERIMENTAL  PROCEDURE  and  window  that  is  compressed  into  the  Be-Cu  gasket  This 

gasket  assembly  is  that  easily  introduced  and  centered 
The  QWH’s  and  SL’s  of  interest  hen  have  been  grown  between  the  anvils, 
by  organometallic  vapor  phase  epitaxy  (OMVPE).6,7  The  The  samples  an  photopumped  (under  pressun) 

low  threshold  QWH3  consists  of  an  undoped  single  GaAs  through  the  sapphin  anvil  and  the  diamond  window.  The 

quantum  well  of  thickness  L,  -60  A  centered  between  two  samples  with  the  diamond  on  top,  after  a  compression  cycle 

barrier  layers  of  (£,'/2)~ 600  A  Ai.'Ga,  _/  As  (x'~ 0.30)  to  over  II  kbar  and  then  back  to  0,  appear  as  shown  in  Fig.  1. 

which  serve  as  a  carrier  reservoir  and  optical  waveguide  re-  (Most  of  the  dark  specks  an  laboratory  dust  and  ruby  “dust” 

gion/This  —0.12^m  "active  region"  is  confined  on  one  side  as  no  special  precautions  have  been  taken  to  establish 

by  —1  fim  of  Se -doped  (— 3x  lO'Vcm3)  x"  —0.85  “clean”  conditions.)  The  (a)  sample  is  1 6 /*tn  wide  and  is  the 
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Data  are  presented  showing  that  thermal  annealing  (873—900  *Q  can  be  used  to  modify  the 
wavelength  of  a  photopuaped,  low  threshold  Al,Ga,  _  ,  As  quantum  well  heterostructure 
|QWH)  laser  from  —8200  to  —7300  A  with  a  threshold  change  from  130  to  1700  W/crn2.  The 
energy  levels  of  the  annealed  single  quantum  well  crystal  are  approximated  by  fitting  a  modified 
Pdschl-Teller  potential  to  the  band-edge  profile  as  modified  by  layer  (Al-Ga|  interdiffusion.  The 
layer  (Al-Ga)  interdiffusion  coefficient  (at  873  *C]  is  found  to  be  smaller,  by  a  factor  of  3-4,  than 
previously  reported.  We  suggest  that  this  is  due  to  the  high  quality,  i.e„  low  defect  density,  of  the 
ultralow  threshold  QWH  crystals  of  this  work. 

PACS  numbers:  42.55.Px,  66.30.Ny,  81.40.Tv,  71.30.  + 1 


I.  INTRODUCTION 

Recent  work1*2  on  quantum  well  heterostructures 
(QWH)  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD)3*4  has  shown  that  it  is  possible  to  locate  a  small 
GaAs  well  [Lt  <  80  A)  in  an  Al„  Ga,  _,  As  pc’ —0.30)  wave¬ 
guide  region  (Lt  —0. 12  /*m),  which  itself  is  confined  on  ei¬ 
ther  side  by  —  1  of*'  —0.85  Al,.  Ga,  As  (Fig.  1  and 
the  inset  of  Fig.  2),  and  observe  very  low  threshold  photo- 
pumped  laser  operation.  Specifically,  on  such  a  QWH  it  is 
possible  to  achieve  continuous  (cw)  300  *K  laser  operation  at 
equivalent  current  densities  as  low  as  J„(th)  <  100  A/cm2. 
The  properties  of  these  low  threshold  single  quantum  well 
lasers  are  described  in  some  detail  in  Refs.  1  and  2.  Beyond 
this  work,  however,  a  further  important  feature  is  apparent: 
For  a  QWH  with  a  small  enough  single  quantum  well  active 
region  (GaAs),  it  should  be  relatively  easy  to  thermally  an¬ 
neal  the  crystal  and  shift  the  laser  wavelength  by  layer  inter¬ 
diffusion,  i.e.,  Al-Ga  (barrier-well)  interdiffusion.  The  Al- 
Ga  interdiffusion  causes  the  initially  finite  square  well  (inset 
of  Fig.  2)  to  become  rounded  (smoothed)  as  shown  in  Fig.  3 
into  a  shallower  Al,Ga,  _  ,  As  well,  and  thus  shifts  the  con¬ 
fined-particle  electron  and  hole  states  to  higher  energy.  In 
this  paper  we  show  that  thermal  annealing  is,  indeed,  a  con¬ 
venient  method  to  adjust  the  wavelength  of  a  QWH  laser 
crystal  without  necessarily  an  excessive  increase  in  the 
threshold  requirement.  For  example,  the  wavelength  can  be 
shifted  from  —  8200  to  —  7300  A  with  the  threshold  for  pho- 
topumped  laser  operation  remaining  as  low  as  /„(th)— 700 
A/cm2. 

II.  EXPERIMENTAL  PROCEDURE 

As  in  previous  work,1-2  the  A1T-Ga,  As 
-Al,  Ga,  _  ,  As-Al,Ga,  _,As  (x=0,  x'~ 0.30,  x'-0.85l 
QWH  crystals  of  these  studies  have  been  grown  by 
MOCVD.3  4  The  lowest  threshold  crystal  employed  in  this 
work  is  shown  in  Fig.  1,  which  is  an  SEM  photomicrograph 
of  the  cleaved  and  etched  QWH  supplying  the  data  in  suc¬ 


ceeding  figures.  (See  also  the  inset  of  Fig.  2.)  The  lower  part 
of  the  figure  is  the  GaAs  substrate.  The  arrow  labelled  QW 
indicates  the  L,  —  75  A  GaAs  (x«0)  quantum  well,  which  is 
centered  in  the  Lt  —0. 12/rm,  x'— 0.30  Al,  Ga,  _,As  car¬ 
rier  reservoir1*2  and  waveguide  region.  This  region  is  identi¬ 
fied  by  a  pair  of  arrows  and  with  the  label  Lt .  The  x— 0.30 
waveguide  region  is  confined  on  either  side  (top  and  bottom) 
with  £^/2—  1  fim  of  x*—  0.85  Al„. Ga,  _ ,.  As.  The  outer 
edges  (0.2-0. 3  ^m)  of  the  confining  layers  are  heavily  doped 
( —  10'Vcm3)  with  Se,  but  this  is  not  particularly  important 
for  the  experiments  of  interest  here.  Finally,  on  top  of  the 


FIG.  1.  SEM  microp  holograph  of  the  cleaved  and  stained  crass  section  of  a 
single  well  quantum  well  heterostructure  (QWH)  grown  by  MOCVD  at  the 
substrate  temperature  of  800  *C  The  L,  —  75  A  quantum  well  QW  is  con¬ 
fined  on  both  sides  by  Lt  -0.12  pm  of  a' -0.3  Al,  Ga,  _ ,  As  which  itself  is 
confined  on  both  sides  by  4,.  -2  pm  of  a” -0.85  Al.-Ga,  Astsee  inset 
of  Fig.  21.  This  QWH  is  sandwiched  between  a  GaAs  cap  layer  at  the  top  and 
a  GaAs  substrate  on  the  bottom. 
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The  index  of  refraction  at  AlAa-GaAs  superiattacea  is  studied  both  experimentally  and 
theoretically  azd  is  compared  to  the  index  of  the  corresponding  ternary  alloy  obtained  by 
intermixing  of  the  superiattice.  Wefind  that  the  index  ofasuperiatticc  can  be  3%-6%  higher  than 
the  index  of  the  alloy  dae  to  zone  folding  of  the  states  around  T". 

FACS  numbers:  78.20.Dj,  78.43.  +  h 


It  hee  been  shown  by  Holonyak  ttal. '■*  the  mperiattioee 
can  be  selectively  interdiffbaed,  thus  generating  pattern  of 
AlGaAs  alloy  and  QaAs-AlAs  superlattice  regions.  These 
structures  have  obviously  many  potential  applications  in  in- 
tegrated  optics.  It  is  therefore  desirable  to  obtain  detailed 
knowledge  of  the  difference  in  the  dielectric  fraction  de¬ 
scribing  the  superiattice  and  the  AlGaAs  aOoy.  It  is  not  im¬ 
mediately  evident  that  there  are  significant  differences  in  the 
index  of  refraction  of  a  superiattice  versus  its  disordered  al¬ 
loy,  because  the  hides  depends  mainly  on  contributions  from 
states  around  X  which  probably  are  influenced  only  slightly 
by  the  superstructure  (large  effective  mass,  parallel  bands). 
However,  the  difference1  in  color  of  the  alloy  (yellow)  and 
the  fflyfrlmtn;  (Tvd)  nutiqiH  til*  HWhwifM  «WWt  llf*  fffft 
in  the  refractive  index. 


Energy  («W) 


Ft O.  I.  Photopomptd  laser  operation  1300  ICpulMd)  of*  100-period  AJAs- 
OaAs  Mipertamcc  |SL)  array  of  “red”  dots  or  doJu  [L,(A1Ai|~70  A. 
L,  (OaAst—30  A]  surrounded  by  impurity-disordered  yellow-gap 
Al,  Gs,  _ ,  As[x  m  L,AL,  +  £,)— 0.7).  The  SL  dot  (a) (see  insert)  is  pboco- 
pamped:  laser  operation  occurs  from  the  left  cleaved  edge  to  the  second  SL 
“red”  dot  labeled  ibi,  or  over  a  cavity  length  lc  — 130  pei  which  agrees  with 
the  floe  mode  spacing  4/i~  6  A  shown  on  the  eapanded  scale.  Tbe«d*e-to- 
dot  dimension  /,  -  ltpm  agrees  with  the  peait-to-peak  spacing  1 74 14-7*56 
A I  of  the  expanded  stimulated -emission  spectrum.  These  mode  and  spectral 
data  show  that  the  index  difference,  /stAlAs-GaAsHVAIOaAsi  >0.  is  ap¬ 
preciable.  u,  denotes  the  pump  frequency. 


It  is  the  purpose  of  this  communication  to  show  that 
index  differences  do  exist  We  present  experimental  evidence 
of  reflection  at  the  superiattice-alloy  boundaries,  and  per¬ 
form  a  model  calculation  of  the  index  of  refraction  showing 
that  the  sise  quantization  of  states  dose  to  /*  introduces  sub¬ 
tle  differences  between  alloy  and  superiattice. 

In  Fig.  1  we  show  photohunineacencedata  obtained  on 
a  100-period  AlAa-GaAs  superiattice  (SL)  with  barrier  size 
Lt-70A.  and  well  size  L,  ~  30  A.  As  described  elsewhere,1 
this  SL  when  photopumped  is  capable  of  continuous  300-K 
laser  operation.  Following  a  relatively  low-temperature, 
short-cycle  Za-diffiision  procedure  described  earlier,*  with  a 
dot  pattern  of  Si,Ni«  serving  as  a  mask  to  preeerve  selectively 
theSL,1  we  obtain  the  structure  shown  in  the  inset  of  Fig.  1 
(see  also  Fig.  1  of  Ref  1).  The  sample  ofthe  inset  has  a  smooth 
cleaved  highly  reflecting  edge  at  the  left  at  distance  1 .  from 
the  first  SL  dot  or  disk  (a);  an  irregular  edge  occurs  at  the 
bottom  of  the  sample,  and  at  the  right  beyond  the  third  SL 
dot  (c)  is  another  irregular  edge.  Above  these  dots  [(a),  (H(c)] 
the  pattern  of  SL  dots  is  repeated  (not  shown).  Between  the 
SL  dots  the  crystal  has  been  converted  to  yellow-gap  disor¬ 
dered  Al, Gai_,  As  alloy  [xmLt/{L,  +£,)— 0. 7], 

The  sample  of  the  inset  is  photopumped  (pulsed,  —  10s 
W/cm2)  on  the  first  SL  dot,  and  the  spectrum  of  Fig.  1  is 
obtained.  The  sample  fanctiooa  in  stimulated  emission,  with 
reflection  at  each  dot  edge,  in  the  region  from  the  highly 
reflecting  left  edge  to  the  second  SL  dot  labeled  (b|.  This  is  a 
cavity  length  le  ~  130  ^m,  which  is  apparently  sufficient 
length  to  give  enough  reflection  and  feedback  (at  each  dot 
edge)  to  support  the  stimulated  emission.  This  behavior 
agrees  with  the  fact  that  we  observe  (visually,  not  shown)  a 
very  clear  reflected  spot  at  the  left  edge  of  SL  dot  (b).  Also  the 
mode  spacing  formula 

AA-A'lH'ln-Mn/tU)]-',  (1) 

with  (n  —  kdn/dk  ) — 3.5,  gives  dA— 6  A.  which  is  in  very 
good  agreement  with  the  fine  mode  spacing  shown  on  the 
expanded  scale  (7414-7436  A)  in  Fig.  1.  Similarly,  the  spac¬ 
ing  of  the  two  expanded-scale  peaks  in  Fig.  1  agrees  with  the 
dimension  /,( — 18  pm).  In  addition,  coarser  structure  in  the 
spectrum  indicates  that  further  reflection  (as  from  the  dot 
edges)  exists  in  the  region  of  length  lc.  These  data  indicate 
that  an  index  difference,  at  quantum-well  recombination- 
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feporlmoatal  raoolta  oa  quantum  Mali  laaor  oporatloo  la  aagaotlc  flolda 
B  <  12  T  aro  roportod.  tor  B  porpondleular  (Bl)  to  tbo  pwaba  wall  a 
ahlft  toward  higher  paotaa  aaorgy  of  .  0  J  aaV/T  la  oboorvod,  with  tbo 
laaor  tbroobold  curront  docrmaolag  significantly.  In  porallol  aagaotlc 
flolda  (Bl)  no  significant  offoct  la  aoaourod,  thus  confirming  tbo 
built-in  two-dlnaaalooal  caar actor  of  tbo  oloctrao  gaa . 


Wo  report  aoro  tbo  results  of  anporlanata 
on  tbo  offoct  of  a  atroog  aagaotlc  tlold  (at  low 
taaporaturo)  on  tbo  aaorgy  of  atlaulatod  amla- 
aioa  fron  quantum  wall  botarootroctura  (qug) 
laaor  dlodoo.  Ia  cootraat  to  tbo  roaulta  of 
experiments  oa  bomqj  uoctioo 1 ' 2  and  donbla 
botoro j  unction  dlodoa J  la  which  tba  active 
region  botaavoo  aa  bulb  cryatal,  tba  bobavlor  of 
QWH  dlodoa  la  govaraod  by  tba  quaa 1 -t vo-diaon- 
alooal  doaalty  of  atatoa,  a  roault  of  tbo 
quantum  alao  offoct.  (Saa  Hof .  4  for  a 
ravlow.)  In  eboao  oar  liar  exparlaeata,  tba 
onlaalon  aaorgy  corroopooda  to  traoaltloaa  fron 
dooor  to  acceptor  atatoa  (booojuoctlao  dlodoa 
with  a  hoavlly  coapoaaatad  active  layer)  or  to 
traoaltloaa  fraw  tbo  coaductiao  band  to  acceptor 
atatoa  (double  be  tero junction  dlodoa) .  For  tbo 
QMt  dlodoo  of  tba  praooat  work,  bowavor,  tba 
traoaltloaa  aro  frow  electron  aubboada  of  tbo 
conduction  band  to  tba  heavy-hole  or  11 gat -bo la 
aubboada  of  the  velonco  band.  The  laaor  emie- 
aloo  exhibit a  a  linear  ablft  to  blgbor  energy 
with  incraaalng  aagaotlc  field  B  for  B  porpon- 
dlcular  (Bl)  to  tba  plane  of  tba  QW;  tbo  aaorgy 
la  ladopoadoat  of  B  for  B  porallol  (Bl)  to  tbo 
plana  of  tbo  QW.  Simultaneously,  tbo  tbroobold 
currant  for  laolag  with  B  porpondleular  to  tba 
quantw-uell  layora  la  raducod,  while  It  la  un¬ 
affected  with  b  porallol  to  the  layora.  4a  will 
bo  dlacuaaod  below,  tba  reduction  of  tbo  throe- 
hold  currant  la  a  aaolfaeeatioa  of  tbo  furthar 
quant  lie cion  of  the  2-0  electron  gaa  by  tba  neg- 
netlc  field.  Ihoae  oboervatlona  provide  direct 
oxporlaantal  proof  that  tbo  oloctron  gaa  la 
quaal-two-diManaloaal  under  laalng  conditlona . 

Tbo  QW  dlodoo  of  thla  work  hava  boon  grown 
by  aotalorganlc  vapor  phase  epitaxy  (H0CVD)  aa 
pravloualy  described.  The  device  atructure 
conalata  of  an  undopod  alngle  GaAa  quant ua  well 
of  width  Lz  *  60-80  1  locatad  between  two  larger 
(0.06  uo)  *'  -  0.3  Alx,So1_x,4a  borrlara,  one 
Sa  dopdd  (on  tba  aubatrata  aide)  and  tba  other 
i*tl  doped  (on  tha  p-contact  aide) .  The  active 
region  la  confined  on  tha  auoatrate  aide  oy  a 


0.9  pw  o-type  layer  of  Be -do  pod  Alx.Ca,  .Aa 
(x*  .  0.83)  and  on  tba  other  aide  by  a  078  pw 
thick  p-type  layer  of  1%-dopod  aL.Go,  -Ae 
(a-  .  0.83). 

9m  wafora  aro  procoaeod  Into  dlodoo  with 
cavity  lengtne  of  500  iw  aa  doacribod 
eloowbaro The  dlodoo  have  either  broad  area 
ceotacta  to  tba  p  ragioo  or  are  proton-howiordnd 
to  produce  a  6  |W  wide  atrlpo  for  the  active 
•  region .  Tbo  diode  dice  are  aountod  p-alda  down 
with  indlua  voider  onto  copper  hoot  alnka.  Bor 
awlaeion  neaaurawanta  tbo  dlodoa  are  noontod  In 
a  variable -f onporaturo  cry oa tat  which  la 

laaortad  In  tba  boro  of  a  12  X  auporcoodoctlng 
nagnot.  Tbwporacuroa  below  4.2  K  aro  obtained 
by  contlnuoualy  puwping  the  cryoatat .  Tha  laaor 
diode  output  la  directed  onto  tbo  face  of  a 
fiber-optic  light  pipe;  the  output  fron  tba 
fiber  illuainatea  the  entrance  alit  of  a  0.5  a 
aooocnromator .  The  excitation  for  tba  diode  la 
provided  by  either  a  conatant -current  aource 
(for  DC  oporatloo)  or  by  a  pulaa  generator. 

In  fig.  1  wo  ebov  tbo  dependence  of  tbo 
photon  energy  and  excitation  current,  at  laalng 
threaboid,  on  tba  nagaatlc  field  otreogth  for 

the  trana  varan  orientation,  l.a.,  B 

perpendicular  to  tbo  plana  of  tbo  QW  (Bl).  9m 
correapoadlng  data  for  B  parallel  to  the  QW  (Bl) 
aro  plotted  in  Fig.  2.  Tba  eel  a  a  ion  energy  la 
taxon  aa  that  of  tbo  dominant  node  In  the 

spectnm  at  each  value  of  a.  9m  apectrua 

axbibita  aa  lncreaaa  In  energy  with  nagaatlc 
field,  atartlng  at  -  30  kti,  la  the  Bl  orienta¬ 
tion.  9m  data  polnta  appear  to  oacillate  about 
a  linear  enift  or  elope  beeauae  the  aaleaion 

wavelength  (and  thua  the  energy)  ia  conatrained 
to  valuoa  dotarmlnod  oy  the  mode  a  pa  clog  of  the 
laaar  diode  Feery-Perot  cavity.  From  tha 
experimentally  recorded  apoctra  of  Fig.  3,  It  la 
evident  that  the  aagnatlc  field  dlaplacea  the 
center  of  too  aaleaion  envelope  to  higher 
energy;  in  addition,  the  peak  energy  ebangea 
diacontinuoualy .  9iie  obaervatlon  la  confirmed 
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We  report  transient  capacitance  measurements  on  AlmO*i-,Aa-GaAa-Al,Gai_,Aa 
(x— 0.35)  double  heterojunctiona  with  a  large  quantum  well  active  region  (L,  —800  A).  It  is 
suggested  that  the  thin  GaAs  layer  acts  as  a  “giant”  artificial  deep  leveL  It  followi  that  that  the 
band  edge  discontinuity  AE,  determines  the  electron  emieeion  rates  (from  the  thin  layer),  thus 
it  possible  for  AE,  to  be  determined  by  transient  capacitance  measurements. 

PACS  numbers:  85.30.De,  73.40.Ltk  68.48.  + 1, 71.35.Fr 


As  pan  at  a  larger  effort,  we  have  been  employing  deep 
level  transient  spectroscopy 1  to  examine  dun  OaAs  layers  as 
wefl  as  quantum  well  heterostructure  layers.2  The  intent  of 
these  measurements  has  been  to  determine  how  the  emission 
rate  of  electrons  (boles)  at  interfaces  or  from  quantum  wells 
differs  from  the  behavior  of  bulk  crystals.  These  changes 
have  been  anticipated  to  arise  from  changes  in  the  energy 
levels  of  deep  traps  dose  to  interfaces  and  from  the  two- 
dimensional  final  density  of  states  in  the  quantum  welL1-4 
Preliminary  experimental  results,  however,  have  exhibited 
peculiarities  which,  in  our  opinion,  require  a  very  different 
explanation:  the  GaAs  thin  layers  tktmselvts  behave  like  big 
traps.  We  have  reported  earlier  oo  the  dynamics  of  capture 
and  emission  of  hot  electrons  in  quantum  wells. 5-4  Deep- 
level  transient  spectroscopy  adds  new  perspective  to  this 
problem  and,  based  oo  the  model  employed  earlier,3'*  opens 
a  new  method  or  opportunity  to  determine  band-edge  dis¬ 
continuities.  We  note  that  the  nature  and  roieof  the  interfhee 
band-edge  discontinuities  are  among  the  most  fundamental 
problems  in  the  physics  of  semiconductor  heterojunctions,7 
and  hence  are  of  much  interest 

The  experimental  samples  of  the  present  work  have 
been  grown  by  metalorganic  chemical  vapor  deposition  and 
are  nominally  doped  n-type  with  Se  (— 2X 10'*  cm-3).  The 
double  heterojunction  (DH)  samples  consist  of  a  buffer  layer 
of  GaAs  grown  on  top  of  a  GaAs  substrate,  followed  by  a 
1.0-pm  confining  layer  of  AlxGa,  _«As  (x— 0.33),  a  GaAs 
well  {L,  —800  A),  and  another  confining  layer  of  Al„ 
Ga,  _  ,  As  (x—0.35)  that  is  — 0.3 /rm  thick. 

For  preparation  into  diodes  tbe  DH  wafer  is  first  lapped 
to  3  mil,  and  Au-Sn  is  electroplated  and  alloyed  on  the  sub¬ 
strate  side  of  the  wafer.  Schottky  barriers  are  then  formed  on 
the  top  AlGaAs  confining  layer  by  electroplating  2/rm  of  Au 
in  a  pattern  of  11-mil-diam.  dots  defined  by  —1200  A  of 
SiOj.  The  Au  is  applied  after  the  surface  has  been  mildly 
etched  with  a  dilute  solution  of  1  HF:7  NH«F.  The  resulting 
devices  are  separated  and  attached  with  silver-filled  epoxy  to 
TO- 1 8  headers,  and  a  wire  bond  to  the  Schottky  barrier  com¬ 
pletes  the  diode.  These  diodes  have  a  forward  turn-on  vol¬ 
tage  of  0.5-0. 7  V  and  a  reverse  breakdown  voltage  which 
varies  from  diode  to  diode  and  is  greater  than  3  V. 

Deep  level  transient  spectroscopy  (DLTS)  has  been  per¬ 
formed  using  a  system  described  elsewhere.*  In  the  present 
work  a  parallel-plate  capacitor  was  used  in  place  of  the  sec¬ 


ond  diode  For  the  DLTS  measurements  a  reverse  bias  of  1 V 
is  used  and  2&ps  pulses  of  varying  magnitudes  are  superim¬ 
posed  on  the  bias.  Two  deep  levels  have  been  observed  (Fig. 
1).  One,  which  we  label  £2,  exhibits  an  energy  level  at  0.88 
eV,  a  capture  cross  section  of  7.0  X 10-11  cm2  and  a  concen¬ 
tration  (corrected  for  the  effect  of  the  edge  region*)  of  about 
5x  10‘3  cm-3.  E2  behaves  as  predicted  by  DLTS  analysis 
and  does  not  show  any  significant  dependence  of  the  signal 
peak  with  temperature  and  the  peak  height  an  bias  pulse 
voltage.  It  is  therefore  easily  attributed  to  a  deep  level  in  the 
Al,  Ga,  _  „  As.  We  have,  however,  no  straightforward  expla¬ 
nation  of  the  other  peak  (El).The  second  level,  which  we 
label  EL  exhibits  a  peculiar  dependence  on  the  fbrward-bias 
pulse  height  and  width.  This  makes  fitting  to  the  convention¬ 
al  detailed  balance  expressions  a  questionable  procedure. 


FIG.  I.  DLTS  km  for  I  V  reverie  bin  with  two  different  bin  pube  vol- 
tagee,  showinf  venation  in  the  height  and  temperature  of  tbe  low-tempera¬ 
ture  peak.  El.  Tbe  apparent  decree**  in  tbe  signal  strength  of  tbe  second 
peak  (E2|  as  tbe  bias  pub*  is  increased  to  2  V  is  doe  to  a  superimposed 
minority  earner  trap .  Inset:  vanaooo  of  paak  El  with  bias  pube  duration. 
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1.  Introduction 

This  is  a  very  one-sided  review  of  superlattices  and  by  no  means  does 
justice  to  this  rapidly  growing  field.  My  Intent  is  to  Illustrate  possibil¬ 
ities  Inherent  in  the  variability  of  boundary  conditions  In  finite  super- 

•  -  — 

lattices  or  more  generally  speaking,  multiple  heterostructure  layers. 

In  recent  years,  much  progress  has  been  made  in  the  technology  and  basic 
understanding  of  superlattices  and  lattice-matched  III-V  compound  hetero¬ 
structure  layers  in  general  [1].  Two  new  epitaxial  technologies  have  emerged 
—  molecular  beam  epitaxy  (MBE)  [2]  and  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)  [3]  —  which  have  opened  a  variety  of  new  possibilities,  includ¬ 
ing  superlattice  transport  as  discussed  by  Esaki,  Tsu,  and  Chang  [4-6],  the 
fabrication  of  materials  exhibiting  extremely  high  mobilities  [7],  quantum 
well  heterostructure  lasers  [8,9],  planar  doped  barrier  structures  [10],  and 
real  space  transfer  switching  [11].  More  recent  research  has  also  concen¬ 
trated  on  strained  (lattice  mismatch)  super  lattices  [12]  and  on  type  II  super¬ 
lattices  [6]. 


hut'  (JaAktkor 

icL+yr  p*i.nr*t 


V- 2  <K.  Hat*) 


PRINCIPLES  OF  HOT  ELECTRON  THERMIONIC  EMISSION 
(REAL  SPACE  TRANSFER)  IN  SEMICONDUCTOR  HETEROLAYERS 
AND  DEVICE  APPLICATIONS 

K.  Hess 

Departaent  of  Electrical  Engineering  and 
.  Coordinated  Science  Laboratory 
University  of  Illinois  at  Urbana-Champaign 
(Jrbana,  Illinois  61801 

ABSTRACT 

the  principles  of  real  space  transfer  and  its  phenomenological  de¬ 
scription  in  terms  of  the  concepts  of  electron  temperature  and  quasi  Fermi 
levels  are  reviewed.  It  is  shown  that  real  space  transfer  is  a  mechanism 
to  achieve  ultrafast  switching  and  storage  of  charge  carriers.  The  real 

m  _ 

space  transfer-glow  cathod  analogy,  which  demonstrates  the  existence  of 
a  new  transistor  principle,  is  discussed  in  detail. 

INTRODUCTION 

The  technologies  of  molecular  beam  epitaxy  (MBE)  and  metalorganic 
chemical  vapor  deposition  (MOCVD)  have  opened  a  world  of  possibilities  to 
create  new  forms  of  III-V  semiconductor  heterolayer  materials.  Structures 
hundred  times  as  sophisticated  and  small  as  the  smallest  feature  sizes  in 
current  silicon  technology  can  be  fabricated  with  ease.  This  fine  tuned 
variability  or  structure  and  boundary  conditions  offers  many  opportunities 
for  the  development  of  new  device  concepts  and  research  in  this  area  is 
rapidly  expanding  (1). 

Advantages  of  III-V  compounds  with  respect  to  steady  state  mobility 
and  transient  electronic  transport  [1]  (velocity  overshoot)  have  long  been 
known.  However,  the  realization  of  these  advantages  in  applications  have 
been  impeded  by  technological  difficulties.  MBE  and  MOCVD  have  provided  a 
quantum  leap  in  material  quality  and  controlability ,  which  together  with 
the  ideas  of  selective  (modulation)  doping  [2]  and  achievable  abruptness  of 
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Stimulated  emission  data  are  presented  on  a  large  variety  of  strained-layer  quantum-well 
heterostructures  (QWH’s)  and  superlattices  (SL’s)  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD).  These  structures  consist  of  barrier-well  combinations  of  thickness  LtJL, 

5 130  A  made  from  GaAs-InGaAs,  GaAsP-GaAs,  and  GaAsP-InGaAs.  Also  employed  are 
higher  band-gap  confining  layers  of  In,  Al,Ga,.*,As,  Al^Ga,  As,  _,P„  and  AJ^Ga,  _,As. 

All  of  the  heterostructures  are  grown  on  a  GaAs  substrate  with  and,  in  some  cases,  without  a 
graded  layer.  The  strain  range  between  0.2  to  12.5  X  10"  3  is  examined.  Photopumped,  these 
heterostructures  operate  as  continuous  (cw)  300  K  lasers,  with  thresholds  of  1. 6-7.5  x  10*  W/cm2, 
for  periods  of  time  between  0.3  to  >  35  min.  Under  high-level  excitation,  the  equivalent  of 
— 103  A/cm2,  laser  operation  fails  or  is  quenched  by  networks  of  dislocations  (with  <  1 10) 

Burger’s  vectors)  that  are  generated  within  the  strained-layer  region  of  the  QWH’s  or  SL’s.  These 
dislocation  networks,  which  are  revealed  via  transmission  electron  microscopy  (TEM),  occur  at  a 
more  rapid  rate  in  higher  threshold  samples  and  ones  with  higher  built-in  strain.  The  TEM  data 
show,  however,  that  no  heterointerface  defects  (dislocations)  are  present  in  the  as-grown  strained- 
layer  regions  but  are  present  in  thick  (bulk)  graded  regions. 

PACS  numbers:  42.35.Px,  78.43.  +  h,  68.48.  +  f.  78.53.Ds 


I.  INTRODUCTION 

Since  the  initial  demonstration  of  III-V  compound  epi¬ 
taxy,1  the  question  has  persisted  to  what  extent  layer  mis¬ 
match  can  be  tolerated  in  semiconductor  heterostructures. 
For  example,  early  work  has  shown  that  in  the  usual  thick- 
laver  form  of  GaAs,  _ ,  P,  (jc#0(  grown  on  GaAs  the  result¬ 
ing  single  heterostructure  fails  as  an  improved  form  of  laser 
or  LED  because  of  the  large  defect  density  at  the  heterointer¬ 
faces.2-*  If  the  heterolayers  are  thin  enough,  however,  as  in 
the  strained-layer  superlattices  (SL’s)  first  grown  by  Blakes- 
lee, 5  then  presumably  the  interface  defect  density  can  be  kept 
low  because  of  elastic  deformation  of  the  layers.  Recently 
Osbourn  and  co-workers6  have  revived  the  interest  in 
strained-layer  SL’s  by  suggesting  that  indirect-gap 
GaP-GaAs,  _,PX  strained-layer  SL's  can,  because  of  zone 
folding,  act  direct  This,  of  course,  is  not  sufficient  for  the 
observation  of  a  high  level  of  luminescence,  even  if  the  layer 
sizes  are  small  enough,7  unless  the  heterointerfaces  are  suffi¬ 
ciently  free  of  defects.  The  argument  can  be  reversed:  if  a 
high  level  of  luminescence,  specifically  stimulated  emission, 
is  observed  on  a  strained-layer  heterostructure  [SL  or  quan¬ 
tum-well  heterostructure  (QWH)],  then  we  .  can  conclude 
that  the  defect  density  is  low  and,  without  argument,  the 
crystal  is  direct  (or  effectively  direct).  It  is,  of  course,  easier  to 
consider  a  strained-layer  SL  or  QWH  consisting  of  direct- 
gap  quantum-well  layers  and  then  determine  whether  the 
density  of  heterointerface  defects  is  large  or  small,  stimulat¬ 
ed  emission  serving  as  the  basis  for  the  determination.  Pro¬ 
ceeding  in  this  manner,  recently  we  have  demonstrated  that 
a  strained-layer  SL  can  be  grown  free  enough  of  defects  at 
heterointerfaces  to  make  possible  stimulated  emission.*  This 
has  been  demonstrated  on  GaAs,  _ ,  P,  -GaAs  [x — 0.25)  and 


GaAs-In,  Ga,  _ ,  As  (x  —  0.2)’  strained-layer  SL’s  grown  via 
metalorganic  chemical  vapor  deposition  (MOCVD). 10  These 
SL’s  have,  in  fact,  been  operated  continuously  (cw)  as  photo- 
pumped  300  K  lasers  but  at  high  excitation  level  (/„  £  103 
A/cm2)  prove  to  be  unstable/ 

In  this  paper  we  present  a  considerable  extension  of  this 
work.  Room  temperature  and  cw  laser  operation  (via  pho- 
toexcitation  j  is  described  on  a  variety  of  strained-layer  heter¬ 
ostructures.  These  include  SL  structures  and  single  or  dou¬ 
ble  wells  confined  by  SL  sections.  The  III-V  materials  GaAs, 
InxGa,  _  x  As,  and  GaAs,  have  been  used  for  quantum 

wells  and  for  coupling  barriers,  e.g„  the  barrier-well  combi¬ 
nations  employed  are  GaAs-InGaAs,  GaAsP-GaAs,  and 
GaAsP-InGaAs.  Layer  sizes  are  in  the  rangeLtXt  £  150  A. 
For  improved  photoluminescence  performance,  wider-gap 
confining  layers  of  Al.Ga,  _,As,  Al,In„Ga,  _,_,As,  or 
Alr  Ga,  _ ,  As,  _  ,  P,  have  been  grown  on  the  samples.  Gal¬ 
lium  arsenide,  with  or  without  the  use  of  graded  layers,  has 
been  used  as  the  substrate  crystal,  and  strain  magnitudes  in 
the  range  from  0.2  to  12.5  x  10" 3  have  been  considered.  The 
stability  of  these  heterostructures  at  high  excitation  level  (the 
equivalent  of  /«,  — 103  A/cm2)  has  been  examined.  We  show 
that  cw  300  K  laser  operation  is  quenched  by  the  generation 
of  a  network  of  dislocations,  which  indicates  that  a  serious 
problem  exists  in  the  high  level  operation  of  strained-layer 
SL’s  or  QWH’s  but  which  does  not  imply  that  stable  low 
level  operation  is  not  possible. 

II.  CRYSTAL  GROWTH  AND  SAMPLE  PREPARATION 

As  mentioned,  the  QWH  and  SL  crystals  of  interest 
here  have  been  grown  by  metalorganic  chemical  vapor  depo¬ 
sition  (MOCVD).10  Epitaxial  layers  are  grown  on  GaAs:Sn 
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Al„  Ga,  x  As-GaAs  quantum  well  heterostmcture  laser  diodes  are  shown  to  be  tunable  over  a 
100-meV  range  when  operated  continuously  (cw)  at  room  temperature  in  an  external  cavity  with  a 
grating  to  control  feedback.  The  gain  profile  of  then  =  1  and  ri  =  1' (electron-to-heavy  hole  and 
electron-to-light  hole,  e—*hh  and  e—lh )  transitions  and  the  n  as  2  electron-to-heavy  hole 
transitions  are  clearly  outlined  by  the  intensity  profile  of  the  selected  laser  lines.  The  partial  * 
homogeneous  broadening  of  the  gain  profile  agrees  with  rapid  carrier  relaxation  in  the  well  The 
diodes  contain  a  single  60-90- A.  GaAs  well  and  are  grown  by  metalorganic  chemical  vapor 
deposition. 

PACS  numbers:  42.55.Px,  42.60.Da,  78.45.  +  h 

Since  the  successful  demonstration,  at  room  tempera¬ 
ture,  of  wavelength  tuning  of  a  diode  laser  with  an  external 
grating  by  Rossi  and  coworkers, 1  III-V  heterojunction  la- 
sersJ~*  have  been  operated  ( 300  K)  on  numerous  occasions  in 
such  manner  and  have  yielded  a  variety  of  tuning  ranges 
(d  ho  5  40  meV),  linewidths,  and  threshold  currents.  The  ex¬ 
ternal  grating  provides  a  convenient  method  for  probing  the 
gain  profile,  selectively  influencing  the  carrier  recombina¬ 
tion  process  and,  of  course,  determining  the  lasing  wave¬ 
length.  Quantum  well  heterostructure  (QWH)  lasers  have  a 
unique  advantage  over  previously  tuned  diode  lasers  in  that 
the  active  region  can  be  band  filled  to  well  above  the  bulk 
crystal  band  edges  at  moderate  current  densities9  and  thus 
are  excellent  candidates  for  broadband  tuning.  The  gain  pro¬ 
file  of  the  band  filled  confined-particle  transitions  provides, 
at  sufficient  current  level  (and  lattice  temperature),  a  large 
energy  range  for  stimulated  emission.  In  this  letter  we  de¬ 


scribe  the  Alio— 100  meV  tuning  range  (8300-7800  A)  ob¬ 
tained  with  an  external  grating  on  a  single-stripe  (6/jm  wide) 
single  well  QWH  diode  operated  (300  K)  continuously  lew) 
at  /  =  88.5  mA.  The  QWH  laser  diode  is  shown  to  exhibit 
partial  homogeneous  line  broadening.  For  example,  when 
the  grating  is  tuned  to  a  wavelength  (A —8317  A)  near  the 
n  =  1  and  n  —  V  transitions,  the  rapid  depletion  of  the  ex¬ 
cess  carriers  reduces,  as  expected, 10  the  intensity  of  the  high¬ 
er  energy  emission,  as  high  in  energy  as  AE~2Iia>V0 
(vi  —  7875  A). 

The  QWH  diodes  of  interest  here  are  grown  by  metalor¬ 
ganic  chemical  vapor  deposition  (MOCVD)  as  previously 
described. 1 1 A  low  threshold  single  well  QWH  design  is  em- 
ployed12-13  that  simulates  the  single  well  and  the  high-energy 
photopumped  laser  operation  shown  in  Fig.  10  of  Ref.  9.  An 
undoped  GaAs  quantum  well  of  thickness  Lt  =  60-90  A  is 
grown  between  two  larger  Al,  Ga,  _ ,  As  (jc'  -0.3)  layers  of 
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Wavelength  modification  (d*y  =  1 0-40  meV)  of  room  temperature 
continuous  quantum-well  heterostructure  laser  diodes  by  thermal  annealing 

K.  Morton  and  N.  Hotonyak,Jr. 

Electrical  Engineering  Rettorrh  Laboratory  and  Materials  Research  Laboratory,  University  of  Illinois  at 
Urban*  Champaign.  Urbano.  Illinois  61901 

R.D.  Burnham,  T.  L  Paoti.andVV.  Strutter 

Xerox  Mo  Alto  Research  Cantor.  Pah  Alta  California  94304 

(Received  30  June  19S3;  accepted  for  publication  29  August  1983) 

Data  are  presented  showing  that  wavelength  modification,  of  at  least  2 10  A  (from  8 1 80  to  7970 A), 
of  broad  area  room  temperature  pulsed  quantum  well  heterostructure  (QWH)  laser  diodes  is 
possftde  by  thermal  annealing.  Thermal  annealing  at  900  *C  for  8  h  results  in  only  a  minor  change 
in  the  threshold  current  density,  385-423  A/cm2,  thus  making  possible  similar  wavelength 
modification  (8180-8080  A)  at  continuous  lew)  300  K  stripe-geometry  QWH  laser  diodes. 

PACS  numbers:  42.55.Px,  73.40.Lq,  81.40.Tv,  81.40.Ef 

Recent  work1  has  shown  that  wavelength  modification  modified  significantly  by  Zn  diffusion  since  there  is  a  rda- 

of  undoped  Al^Ga,  As-Al.Ga,  ..As  [x(/»0)-0]  dvely  large  threshold  concentration  for  this  to  occur.7 

quantum  well  heterostructures  (QWH’s)  by  thermal  anneal-  After  the  thermal  annealing  of  the  as-grown  QWH’s, 

ing  at  875-925  *C  ( — 8  h)  results  in  wavelength  shifts  from  the  crystal  is  Zn  diffused  for  10  min  at  600  *C  to  ensure  that 

—8200  to  —7300  A  with  the  threshold  (/*)  for  photo-  the  p-type  GaAs  cap  layer  is  sufficiently  doped  for  Ohmic 

pumped  (single  well)  laser  operation  remaining  below  the  contacts.  Then  the  wafer  is  lapped  and  polished  from  the 

limit  for  room  temperature  continuous  (cw)  operation.  The  substrate  side  to  a  thickness  of  100-125 pm.  Next  the  wafer 

layer  (Ga-Al)  interdiffusion  coefficient  at  875  ‘C  has  been  is  metallized  on  the  p  side  with  100  A  of  Au  +  500  A  of 

found  previously  to  be  2.5  X 10“ 11  cm  Vs,1  or  significantly  Cr  +  1000 A  ofAu  and  on  the  aside  with  100  A  of  Au  -t-  400 

loiver  than  reported  in  earlier  work.2  Nevertheless,  the  diflh-  AofCr  +  1000  A  of  Au,  and  is  heated  at  300  *C  for  10  sin  a 

sion  I'-'gth  / *  jDt~n  A  (8  h)  immediately  that  hydrogen  atmosphere.  The  crystals  are  then  cleaved  and 

QWH’s  with  well  sizes  L,  5 100  A  are  good  candidates  for  “wed  into  dice  230x  250  pm  and  are  attached  to  TO- 18 

controllable  and  selectable  modification  to  shorter  wave-  headers.  The  mesa  stripe  diodes  used  for  cw  300  K  measure- 

length  by  thermal  annealing  and  by  well-layer,  barrier-layer  menu  are  similarly  metallized,  but  first  are  etched  through 

(Ga-Al)  interdiffusioo.  In  fact,  it  is  even  possible  to  deter-  the  active  region  with  24-ftm  stripes  protected  by  photore¬ 
mine  approximately  the  position  of  the  energy  levels  of  the  «•*.  Also,  before  the  metallization  a  I20-A  SiOj  layer  is  de¬ 
faulting  QWH  by  fitting  a  modified  Poschl-TeUer  potential  posited  on  the  surface,  and  contact  stripes  of  12  pm  are 

to  the  modified  (annealed)  band-edge  profile.'  In  the  present  opened  centered  over  the  24 -/im  mesa  stripes, 

work,  we  show  that  ap-n  QWH  (with  a  single  GaAs  quan-  A  thermal  anneal  carried  out  in  an  evacuated  quartz 

turn  well,  L,<  80  A)  that  operators  as  a  cw  300-K  laser  can  ampoule  with  excess  As1'  at  875  *C  (8  h)  causes  little  shift  in 

be  thermally  at  (875-900  'Q  and  be  shifted  to  wavelength  from  that  of  the  as-grown  crystal.1  A  900  *C  an- 

shorter  wavelength  without  a  significant  change  in  threshold  neal  (8  h);  however,  causes  (Fig.  1)  a  40-meV  shift  in  wave- 

(/„,).  We  show  that  annealing  of  a  QWH  at  875  'C  for  8  h  length  (from  8180to  7970  A).  The  threshold  current  density 

results  in  small  wavelength  modifies and  that  -  900  *C  i*  observed  to  increase  from  385  A/cm2  (875  *C,  8  h)  to  425 

annealing  leads  to  a  change  in  photon  energy  of  dfe  =  20-  A/cm2  (900  *C,  8  h),  which,  actually,  is  negligible  when  the 

40  meV,  or  more  for  annealing  periods  exceeding  8  h  (or  difference  in  diode  length  is  considered  (200  vs  230 pm).  We 

900  *Q.  note  that,  indeed,  little  change  is  expected  in  the  threshold 

The  p-n  heterostructure  crystals  of  th»«  work  are  current  since  a  quantum-well  laser  diode  is  modified  by  ther- 

A]„.  Ga,  _  As-Al,  Ga,  _  ,  As- Al.,  Ga,  _  ,  As  (x*0,  mal  annealing  into  another  quantum-well  laser  diode,  with 

x  — 0.30,  x’  -0.85,  L,  <  80  A)  QWH’s  grown  by  metalor-  square  well  uniformly  modified  into  a  rounded  well, 

ganic  chemical  vapor  deposition  (MOCVD).34  The  active  As  seen  in  Fig.  2,  cw  300-K  laser  operation  of  a  p-n 

region  consists  of  an  L,  <80  A  GaAs  quantum  well  that  is  QWH  is  possible  after  thermal  annealing  near  900  *C  (8  h). 
located  in  the  center  of  a  larger  \Lt  -0.13  pm)  The  wavelength  shift  to  8080  A,  as  opposed  to  that  of 7970  A 

Al,  Ga,  _^As  (x'~  0.30)  layer  that  acts  as  a  carrier  reset-  in  Fig.  1,  is  due  to  uncontrolled  variability  in  the  two  differ- 

voir°  and  as  a  waveguide  region  (e.g.,  see  the  inset  of  Fig.  2  cut  annealing  runs  and  also  bandfilling  differences  in  pulsed 

of  Ref.  6).  This  region  is  confined  on  either  side  by  x— 0.85  and  cw  diode  operation,  not  to  mention  differences  in  diode 

Al,- Ga, . As.  The  n-type  confining  layer  (nfc~5x  1017/  geometries.  In  the  case  of  the  former  (variable  annealing), 

cm3)  is  -2.8  fim  thick;  the  p-type  confining  layer  (n^  any  change  in  the  layer  ( Al-Ga)  interdiffiision  causes  a  signif- 

— 5X  1017/cmJ)  is  -0.6  pm  thick.  Because  of  the  low  Zn  icant  shift  in  the  quantum-well  shape  and  well  energies 

concentration  in  the  p-type  confining  layer,  the  quantum  (wavelength).1  We  mention  that  the  Fabry-Perot  modes 

well  boundaries  (and  confined-particle  energies)  are  not  drawn  on  the  5.5  mA  (a)  curve  of  Fig.  2  represent  only  one 
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Thermal-anneal  wavelength  modification  of  multiple-well 
p-n  Al*  Ga  j  _  x  Aa-GaAs  quantum-well  lasers 

K.  M— han,**  J.  M.  Brown,  P.  Gavrttovic,  and  N.  Hoionyak,  Jr. 

Electrical  Engineering  Research  Laboratory  and  Materials  Rtsearch  Laboratory.  University  of  Illinois  at 
Urbane-Champaign.  Urbans,  Illinois  61901 

R.D.  Burnham,  T.L  Paoi,  and  W.  Strader 

Xerox  Mo  Alto  Research  Center,  Pah  Abo,  California  94304 

.  (Received  3  October  1983;  accepted  for  publication  23  November  1983) 

Data  are  presented  showing  that  ordinary  thermal  annealing  can  be  uaed  to  modify  OuAs  square 
erdla  into  roanded  Al,  Oa,  _  ,  A»  qaaotum  wdb  and  shift  the  continuous  300-K  laser  operation  of 
a ^  midtiple-weO  Al^Ga,  Aa-GaAs  betcrostrocturelaacT  to  higher  energy.  Transmission 
electron  microecopy  is  need  to  show  that  thermal  annealing  at  900  *C  for  10-h  changes,  for 
«M«wpU,  well  sizes  from  85  to  103  A  and  coupling  barriers  from  95  to  75  A,  which  results  in  a 
change  of  laser  photon  energy  of d  ~  50  me V.  BandfiUing  is  minimal  in  multiple  quantum-well 

lasers,  thus  <««M"g  thermal  annealing  a  useflil  method  to  “tune”  a  continuous  300-K  quantum- 
well  laser  to  shorter  wavelength  as  shown  here.  These  thermal  annealing  experiments  indicate 
that  the  Al-Ga  interdiflssion  coefficient  at  a  heterointerface  is  D  (900)—  10“ 11  cm2/s. 

PACS  numbers:  42.5S.Px,  81.40.  Ef,  73.40.Lq,  66.30.Ny 


LINTROOUCTION 

Ifwe  consider  an  A^Ga,  _xAs-GaAs  heterointerface, 
say,  in  a  typical  double  heterostructure  (DH)  laser  with  a 
GaAs  active  region  of  thickness  L,  >  500  A,  and  consider 
what  times  and  temperatures  are  needed  for  Al-Ga  interdif- 
fcsion  (or  AlGaAs-GaAs  layer  interdifftaion)  for  there  to  be 
a  significant  change  in  the  heterostructure,  times  exceeding 
10  h  and  temperatures  exceeding  900  *C  are  required.  That 
is,  the  Al-Ga  interdiffiision  constant  is  known  to  be  quite 
small, u  and  thermal  annealing  is  not  a  very  viable  method 
to  effect  an  important  change  in  an  Al„Ga,  _4As-GaAsDH 
laser.  In  contrast  to  the  (dative  insensitivity  of  ordinary 
Al,  Ga,  _  x  As-GaAs  DITs  to  thermal  annealing  as  a  method 
of  modifying  the  basic  DH  structure,  and  thus  wavelength, 
the  small  well  and  barrier  dimensions  (£,  <  100  A)  of  quan¬ 
tum-well  heterostructures  (QWH’s)  make  them  ideally  suit¬ 
ed  to  this  purpose.  That  is,  an  as-grown  QWH  crystal,  al¬ 
though  highly  uniform  across  its  ana,  often  differs  in 
quantum-well  size  [L, )  sufficiently  from  the  design  choice  to 
give  a  wavelength  longer  than  desired.  As  recently  shown  on 
single-well  undoped  QWH  crystals2  and  p-n  doped  QWH 
crystals,3  ordinary  thermal  annealing  can  be  used  to  modify 
a  square  well  (dashed  in  lug.  1)  to  a  rounded  well  (solid  pro¬ 
file  in  Fig.  1),  thus  shifting  the  wavelength  from  longer  to 
shorter  (1— -el  and  1  —hh  1  in  Fig.  1).  This  procedure  makes 
sense  because,  e.g.,  at  practical  annealing  times  such  as  t— 10 
h  and  temperatures  — 900*C,  the  Al-Ga  interdiffiisioa  con¬ 
stant  is/)  (900)—  10“ “ cmVs  and  /  —  J5t  —20  A  which  is 
obviously  significant  compared  to  Lt  (/—/,,). 

Clearly,  for  wavelength  modification  of  a  QWH  laser  to 
be  important,  it  must  apply  to  p-n  QWH’s  that  can  be  fabri¬ 
cated  into  diode  lasers  that  operate  continuously  (cw)  at 
room  temperature  (300  K).  This  has  so  far  been  demonstrat¬ 
ed  only  for  the  case  of  a  single-well  p-n  QWH  laser,3  but  not 
for  multipie-well  designs.  Yet  it  is  the  latter  that  are  required 


"  IBM  doctoral  fellow. 


in  many  cases  because  of  certain  busk  differences  in  the 
charge-filling  behavior  of  these  two  forms  of  QWH’s:  Spe¬ 
cifically,  handflllmg  and  a  large  spectral  width  (and  tuning 
range)4  can  be  accomplished  in  the  case  of  a  single- well 
QWH,  whereas  in  a  multiple-well  QWH  fulfilling  is  mini- 
anal  (or  can  be)  and  the  spectral  width  narrow.  In  this  paper 
we  show  that,  in  fact,  multiple-well  p-n  QWH’s  that  are  ca¬ 
pable  of  operating  as  cw  300-K  lasers  can,  by  thermally  an¬ 
nealing  (at  — 900  *Q,  be  shifted  in  energy  by  as  much  as 
4fiw— 30  meV  and  be  fabricated  into  shorter  wavelength  cw 
300-K  lasers.  In  addition,  we  show  directly  via  transmission 


FIG.  1.  Schematic  diagram  of  the  energy  band  of  an  as-grown  GaAs  quan¬ 
ta  well  If,,  3  43  A,  dashed-line  proAle)  and  after  a  900  'C  thermal  anneal 
for  10  h,  which  remits  in  a  rounded  Al,Ga,  _  .As  quantum  veil  (solid-line 
profile!.  The  bound  states  move  up  in  energy  from  1— el  and  1— hh  1  as  the 
remit  of  the  anneal.  The  composition  of  the  Al.Ga, . ,  As  well  changes 
and  the  well  widens  (43—103  Al,  resulting  in  a  graded  interface 
between  the  well  and  the  x  -0.30  Al,  Ga, . ,  As  barrier  layers. 
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Impurity-induced  disordering  of  single  well  AlxGa1  _  *  As-GaAs  quantum  well 
heterostructures 

K.  Meehan,"  J-  M.  Brown,  M.  0.  Cairns,  and  N.  Hotonyak,  Jr. 
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(Received  7  November  1983;  accepted  for  publication  8  December  1983) 

Transmission  electron  microecopy  and  pbotoluminesccnce  data  are  used  to  show  that  a  single 
GaAs  quantum  well  {L,  as  70  A)  confined  by  7U*  Ga,  _  x  Aa  (x*  —0.3)  layers  can,  via  low- 
tempemtute  (600  *C)  Zn  diffusion.  be  mterdifibsed  (“absorbed”)  into  the  confining  layers 
(impurity-assisted  Al-Ga  interdifftuion)  and  be  shifted  to  higher  gap  (x  **  0-*x'  —0.3)  without 
damaging  the  crystal  or  raining  its  capability  to  operate  as  a  continuous  300-K  low  threshold 
photopumped  laser. 

PACS  numbers:  66.30 Jt,  73.40.Lq,  42.35.Px,  61.16.Di 


Since  the  recent  discovery  of  impurity-induced  disor¬ 
dering  of  Al,Ga,  _  jAvGaAs  superlattices  (SL’s)  via  low- 
temperature  (300-600  *Q  Zn  division, 1-3  this  area  of  work 
has  been  extended  to  indude  ion  implantation  with  Si  and 
Zn  impurities.0  Also  impurity-induced  disordering  of 
strained-layer  superlattices  by  means  of  Zn  diffusion  has 
been  demonstrated.4  In  almost  all  the  studies  performed  to 
date,  impurity-induced  disordering  experiments  have  been 
conducted  an  SL  systems,  which,  although  of  fundamental 
interest,  are  not  necessarily  a0  that  practicaL  Mast  practical 
forms  of  quantum  well  heterostructures  (QWITj)  are  not 
SL’s,  or  not  even  small  SL’s  oC  let  us  say,  at  leasts  half  dozen 
periods.  In  many  cases  only  one  quantum  well  layer  is  a 
necessary  or  fundamental  part  of  a  practical  QWH  device, 
e-g.,  a  laser,,  and  it  is  important  in  such  instances  to  deter¬ 
mine  the  nature  of  the  resulting  heterostructure  after  impu¬ 
rity-induced  layer  disordering.  We  consider  this  problem 
and  show  here  that  a  tingle  GaAs  {xmO  Al.Ga,  _,As) 
quantum  well  confined  by  Al,  Ga,  _  *  As  (x'  —0.3)  barriers 
can  be  “disordered’’  (layer  interdtflbaed)  out  of  existence 
(x—x')  by  low-temperature  impurity  diffusion  and  not  cause 
any  noticeable  damage  in  the  resulting  heterostructure.  This 
is  demonstrated  by  means  of  transmission  electron  micros¬ 
copy  (TEM)  and  comparison  of  the  as-grown  crystal  with  the 
crystal  modified  by  impurity-induced  disordering  (or  Al-Ga 
interdiffusion).1-1  Confirming  photoluminescence  data  are 
presented  showing  that  the  disordered  region 
(GaAs— Al*  Ga,  _  *  As)  is  not  damaged.  That  is,  in  essence 
the  GaAs  quantum  well  (QW)  is  “absorbed.” 

The  Al.-Ga,  As-Al*Ga,  _*  As- Al.Ga,  _,As 
(a*  —0.85,  x'— 0.3,  x  *  0)  QWH  crystal  used  in  this  work 
has  been  grown  by  metalorgank  chemical  vapor  deposition 
(MOCVD)  as  described  elsewhere.7  *  Of  particular  interest, 
the  QWH  crystal  employed  here  has  previously  been  used  in 
thermal  annealing  layer-modification  and  wavelength- 
modification  experiments*  and  even  earlier  has  been  used,  in 
as-grown  form,  to  demonstrate  very  low  threshold  contin¬ 
uous  (cw)  300-K  photopumped  laser  operation. 10  A  TEM 
micrograph  of  the  as-grown  QWH  is  shown  in  (a)  of  Fig.  1. 
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The  top  Al,.  Ga,  _  As  (x*  —0.85)  confining  layer  appears 
faded  because  of  thickness  variations  in  the  ion-milled  speci¬ 
men.  For  present  purposes,  however,  this  is  unimportant  in¬ 
asmuch  as  a  clear  cross  section  of  all  of  the  as-grown  layers 
appears  in  Fig.  1  of  Ref.  9.  The  most  important  portion  of  die 
QWH  in  the  present  experiments  is  the  Al*Ga,_*As 
(x’ —0.3)  waveguide  region  of  thickness  Lr  =0.13  pita  with, 
in  its  center,  an  L,x 70-A  GaAs  QW  (an  x»0 
Al,Ga,  _  ,  As  QW). 

A  portion  of  the  QWH  crystal  with  the  top  GaAs  layer 
removed  has  been  subjected  to  Zn  diffiiskm  at  600  *C  for  10  h 
in  one  case  and  for  20  h  in  another.  Masking  Si,N,  dots  of  37- 


AI,..Gs,„,-A*-AI,  Ga,  .  ,-Aj-AI^Ga,  ,As 


.H 


FIG.  1.  Tranamawon  electron  microscope  ITEM)  microarapha  of  (a) aa a- 
frown  At,.  Ga,  _ At-Al,  Ga,  _ As-Al, Oa,  _ , As  Ur'-O.M,  *'-0.30, 
*  -  0)  quantum  well  beteroatnicture  (QWH),  and  lb)  the  QWH  after  Zn 
diftuaon  at  600  *C  for  10  h.  As  shown  in  (b),  the  Zn-mduced  low -tempera- 
cure  Al-Ga  interdiAmon  eiimmatea  the  L,  a  70-A  QW  ut— * '!,  unean  the 
heteroboundahea.  and  broadene  the  L,  a0. 13-pm  Al,  Ga, . ,  A» 
(*  -  0.31  waveguide  region,  but  does  not  came  damage  (dislocations  i  or  ruin 
the  crystalline  properties  of  the  *'-0.3  center  region  (electron  diffraction 
pattern  inset  at  lower  tight).  I  The  TEM  g  vector  is  in  the  200  direction,  i 
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Stripe-geometry  AIQaAs-GaAs  quantum-well  heterostructure  lasers  defined 
by  Impurity-Induced  layer  disordering 
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Urbana-Champaign,  Urbana.  Illinois  6190! 
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Xerox  Palo  Alto  Research  Center.  Palo  Alto.  California  94304 

(Received  S  December  1983;  accepted  for  publication  16  January  1984) 

Stripe-geometry  AK3aAs-GaAs  single  quantum-well  heterostructure  lasers  are  demonstrated  in 
which  the  region  complementary  to  the  stripe  (outside  of  and  defining  the  stripe)  is  shifted  to 
higher  band  gap,  snd  lower  refractive  index,  by  low-temperature  (600  *C)  Zn  diffusion.  Impurity- 
induced  Al-Ga  interdiffusion  causes  the  single  GaAs  quantum  well  (x  —  0,  L,  =  80  A)  outside  of 
the  stripe  region  to  be  mixed  (“absorbed,”  x— *x')  into  the  Al,  Ga,  _*•  As  (x* —0.3,  Lt  =0. 18  /am) 
bulk-layer  waveguide  of  the  crystal. 

PACS  numbers:  42.55.Px,  73.40.Lq,  66.30Jt,  85.60Jb 


Previous  work  has  established  that  AlGaAs-GaAs 
quantum-well  heterostructures  (QWH*s)  are  unstable 
against  Zn  diffusion,1'4  even  at  temperatures  ( <  600  *Q  well 
below  those  that  are  employed  (>600‘Q  in  the  epitaxial 
QWH  crystal  growth.  Perhaps  equally  important,  Zn  or  Si 
implantation,  followed  by  thermal  annealing,  can  be  used  to 
interdiAise  (Al-Ga)  and  disorder,  or  mix,  Al,Ga,  As 
(0  <x<  1)  and  GaAs  quantum-well  layers.3-*  Either  process, 
diffusion  or  implantation,  can  be  used  to  change  {increase), 
selectively,  the  effective  energy  gap  of  the  layered  quantum- 
well  heterostructure  to  that  of  ordinary  disordered-alloy 
bulk  single  crystal  Recent  data  show  that  the  disordered 
higher  gap  bulk  alloy  is  not  damaged7  and,  most  important, 
can  be  arranged  in  arbitrary  geometrical  patterns  and  micro- 
patterns,  via  conventional  photolithography  procedures.2 
That  is,  the  as-grown  lower  gap  QWH  and  the  surrounding 
impurity-disordered  higher  gap  bulk  alloy  can  be  arranged 
in  any  desired  complementary  pattern.  In  this  letter  we  de¬ 
scribe  the  use  of  this  process  to  construct  stripe-geometry 
QWH  laser  diodes.  The  Zn -diffused  region  not  only  is  shift¬ 
ed  to  higher  energy  gap  than  the  as-grown  (masked)  QWH 
stripe  but  also  is  reduced  in  index  of  refraction,'*  resulting 
then  in  an  index-guided  laser  diode. 

The  single  well  p-n  Al,-  Ga,  _  As-Al,  Ga,  _  *  As- 
Al,  Ga,  _, As  (x  =  0,  x'~0.30,  x*~0.85;  L,  =80  A)  QWH 
crystal  employed  in  this  work  is  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD),’10  and  is  shown 
slanting  upward  from  left  to  right  in  Fig.  1.  Figure  1  is  a 
scanning  electron  microscope  (SEM)  micrograph  of  an 
etched  piece  of  the  p-n  QWH  that  on  the  right  has  been 
subjected  to  Zn  diffusion  for  1.5  h  at  600 *C  \D~2x  10~u 
cnr/sl.  The  portion  of  the  QWH  on  the  left  is  the  as-grown 
crystal.  The  portion  of  the  crystal  at  the  left  between  the 
offset  triangular  “tick"  marks  labeled  “c”  (V  A)  *s  3,1  “* 
grown  Zn-doped  GaAs  contact  layer  ( — 0.2  pm).  Below  this 
is  a  Zn-doped  (n^  -  5  x  10,7/cm3)  Al,-  Ga,  _ ,.  As 
lx'  -0.85)  top  confining  layer  that  is  —0.6  pm  thick.  Just 
below  the  confining  layer  is  an  Al,Ga,  _,As  (x'— 0.30) 
waveguide  region  (the  active  region),  which,  as  shown,  is 

"  IBM  doctoral  fellow. 


L,  —  0. 18  pm  thick.  Slightly  above  center  (at  the  left)  in  the 
waveguide  region  is  a  GaAs  (x*0)  quantum  well  which  is 
marked  (QW)  with  a  triangular  “tick”  mark  (A)-  The  inset  in 
Fig.  1  at  the  lower  right  is  a  —  lOx  higher  magnification 
transmission  electron  microscope  (TEM)  micrograph  of  a 
portion  of  the  as-grown  waveguide  region,  a  region  as  wide 
as  that  between  the  “tick”  marks  at  the  dimension  arrows  at 
the  lower  left.  The  inset  shows  clearly  the  GaAs  quantum 
well  (Z,,  =80  A).  Finally,  below  the  Al,Ga,  _,As  wave¬ 
guide  region  isathick(—2.8^m)  n-type(n,. —5x  10l7/cmJ) 
Al„.  Ga,  _ x.  As  (x*  -0.85)  bottom  confining  layer,  and  then 
the  n-type  GaAs  substrate  (not  shown). 

Before  the  Zn  diffusion  (Zn.As,),  a  Si,N4  masking  layer 
— 1000  A  thick  is  deposited  on  the  crystal  and  is  covered 
with  the  photoresist  stripe  pattern  desired.  The  Si3N4  is  se¬ 
lectively  removed  from  the  region  to  the  right  of  “c”  in  Fig. 


FIG.  I .  Etched  cran  section,  viewed  by  scanning  electron  microscope,  of  an 
Al,.  Ga, As-Al,  Ga,  As-Al,  Ga, .  ,As  U-0.  x'-O.JO,  jc*-0.8JI 
quantum-well  heterostructure  that  has  been  masked  with  Si,N,  on  the  left 
and  has  been  Zn  diffused  iZn.As,|  on  the  right  at  600  *C  for  1 .3  h.  On  the 
tight  rZn-diffUsed”!  the  GaAs  lx  »  01  quantum  well  mterdi (fuses  lAl-Oai 
into  the  Lt  =0. 18-^m  Al,  Ga,  .,  As  i.t'~0.3)  waveguide  region  la— «*'l. 
The  inset  at  the  lower  right  shows  at  -  (Ox  higher  magnification  (transmis¬ 
sion  electron  micrographi  an  as-grown  x  region  of  the  width  shown  at  the 
L,  -0. 18-^m  dimension  arrows  (of  the  lower  leftl. 
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The  Si  impurity  is  diffused  (850  *C,  10  h,  jc,  ~  2.4/sm)  into  2.4/tm  ofAl*  Ga,_4  As-GaAs  (x£  0.6) 
superlattice  (barrier  L,  =320  A,  quantum  wall  L,  =280  k)  and  disorders  it  into  bulk -crystal 
Al^Ga,  _  As  (x'  £  0.32).  The  as-grown  infrarod  gap  superiattice  is  converted  selectively  to  red 
gap  bulk  crystal  and,  where  undiAised  and  not  disordered,  is  still  capable  of  continuous  300-K 
pbotopumped  laser  operation  at  a  threshold  of  4  x  10*  W/cm1  (or/,,  —  1.7x  10*  A/cm2, 3143  k 
pump  photon). 


Although  quantum  well  beterostructuns  (QWH’s)  and 
superlattices  (SL’s)  are  inherently  quite  stable,  these  struc¬ 
tures  can  readily  be  converted  to  compositioaally  disordered 
bulk  crystal  with  various  impurities  during  relatively  low- 
temperature  annealing  and  diflbskm  procedures.  For  exam¬ 
ple,  recently  it  has  been  learned  that  AL,Ga,  As-GaAs 
QWH’s  or  SL’s  are  unstable  against  low-temperature 
( <  730  *C)  Zn  diffusion. 1-3  Impurity-induced  disordering  of 
an  Al„ Os,  As-GaAs  QWH  or  SL  can  be  accomplished  at 
temperatures,  and  anneal  cycles,  much  less  than  those  re¬ 
quired  for  ordinary  thermal  disordering  of  the  layers. 4-4 
Moreover,  and  of  special  importance  in  the  present  context, 
ordinary  photomasking  procedures  (Si)N«  layers  and  photo¬ 
lithography)  can  be  employed  to  create  an  arbitrary  pattern 
of  impurity-induced  (higher  gap)  Al*  Oa,  _  ,  As  bulk  crystal 
in  the  Al.Ga,  _  „  As-GaAs  QWH  or  SL  crystal.2  To  a  lesser 
extent,  ion  implantation,  followed  by  thermal  annealing,  has 
been  shown  also  to  be  a  viable  method  to  cause  impurity- 
induced  disordering  of  a  QWH  or  SL.  Specifically,  the  two 
impurities  Zn  and  Si  have  been  implanted  and  used  to  disor¬ 
der  (partially)  Al,Ga,  _,As  SL’s  .3,T  Zinc  diffusion,  how¬ 
ever,  has  been  the  most  successful  procedure,  and  a  corre¬ 
sponding  (equally  successful)  donor  diffusion  process  would 
be  highly  desirable,  which  is  the  subject  of  this  paper.  We 
show  that  the  process  recently  employed  by  Greiner  and 
Gibbons*  to  diffuse  Si  into  GaAs  can  be  used  to  disorder  an 
Al,  Ga,  As-GaAs  SL  and  thus  form  higher  gap  bulk-crys¬ 
tal  Alx  Ga,  _ ,  As.  The  Si  impurity  is  amphoteric  but  here 
serves  as  a  donor*  and,  as  mentioned  elsewhere  in  connection 
with  implantation,7  could  exhibit  ideal  disordering  mechan¬ 
ics  along  the  lines  discussed  by  Van  Vechten.9  Above  all,  we 
demonstrate  that  disordering  of  an  Al.Ga,  _4  As-GaAs  SL 
via  Si  diffusion  can  be  accomplished  selectively. 

For  these  experiments  the  Al,  Ga, _  ,  As-GaAs  SL’s  (or 
QWH’s)  are  grown  by  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)  as  described  elsewhere. 1011  Initially  a  l->um 
layer  of  Al,  Ga,  _  „  As  lx  £  0.6)  is  grown  on  the  substrate  fol¬ 
lowed  by  a  -~0.4-/*m  GaAs  layer  and  then  the  superiattice. 
The  SL  as  such  consists  140  periods)  of  GaAs  quantum  wells 
of  thickness  L,  =280  A  coupled  by  Al,Ga,  _xAs  pc  £0.6) 
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bar-  era  of  thickness  Lt = 320  k.  A  bright-ficld  transmission 
electron  micrograph  (TEM)  of  a  section  of  the  SL  is  shown 
on  the  right  side  of  Fig.  1.  (The  diffused  region  on  the  left  is 
described  later.) 

Prior  to  Si  diffusion  into  the  SL,  Si3N4  is  deposited  (for 
diffusion  masking)  on  the  wafer,  and  for  convenience  a  stripe 
pattern  (13-pm  stripes  on  a  25-  jun  period.  Fig.  2)  is  devel¬ 
oped  on  photoresist  deposited  on  the  Si3N4.  The  Si3N4  is 
then  plasma  etched  (CF4)  leaving  lfrpm  bare  stripes  on  the 
wafer.  Next  the  photoresist  is  removed,  and  the  wafer  is 
cleaned  in  HQ  just  before  — 100  A  of  Si  is  electron  beam 
evaporated  onto  the  wafer  at  7x  10~T  Tort.  Immediately 
after  the  evaporation  is  complete  —  0.3 /im  of  SiOj  is  deposit¬ 
ed  onto  the  wafer.1  The  SL,  with  a  small  piece  of  As,  is  then 
sealed  in  a  quartz  ampoule  face  down  on  a  “slab”  of  Si  to 
ensure  a  uniform  temperature  across  the  wafer  (with  also  an 
overpressure  of  As).  After  the  diffusion,  which  is  accom¬ 
plished  at  830  *C  for  10  h,  most  of  the  Si02  is  removed  with 
NH«F:HF  (7:1,  3.5  min).  The  remaining  Si02,  Si,  and  Si3N4 
are  removed  in  a  CF4  plasma.  The  sample  is  then  cleaved, 
with  one  part  employed  for  TEM  specimens  and  the  other 
samples  for  photopumping. 


FIG.  I.  Bright-held  trammitnon  electron  micrograph  of  •  40-period 
Al,  Gm,  . ,  As-GaAs  superiattice  la  2  0.6,  L,  s  320  A.  L,  s280  A)  that  on 
tbe  left  has  been  disordered  into  bulk-crystal  Al,  Ga, As  by  Si  diffusion 
and  on  tbe  ri|ht  it  masked  (Si,N,  protected)  as- frown  SL  that  has  "sur¬ 
vived**  the  JS0  *C  1 10  b|  anneal  cycle.  The  lower  pan  of  tbe  2.4-utn  SL  is 
shown  and  the  curved  region  just  at  tbe  point  m  the  SL  to  which  the  diffu¬ 
sion  has  penetrated. 
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A  set  of  high  performance  single-  and  multiple-stripe  Al*  Ga,  As-Alx  Ga,  _xAs  quantum- 

well  heterostrueture  (QWH)  laser  diodes  coupled  to  an  external  grating  cavity  is  used  to 
demoostrate  the  tuning  properties  of  a  semiconductor  laser  at  short  wavelength  (A  £  7300  A).  A 
single-stripe  laser  diode  (6y*m  stripe  width)  with  a  single  Al,  Ga,  As  (x  —0.22)  quantum  well  of 

size  L,  s;400  A  is  broadly  tunable  (7080<A<7370  A,  dAu—70  meV)  and  delivers  a  single 
dominant  longitudinal  mode  of  moderate  output  power  (P^  —50  mW  at  200  mA.  pulsed).  In 
continuous  (cw)  operation  (7  <■  135  mA)  a  single-stripe  laser  has  a  36-meV  tuning  range, 

7168<A<7322  A.  Phase-locked  twenty-  and  forty-stripe  diodes  (3.5-pm  stripe  width)  from  the 
same  QWH  wafer  are  capable  of  single-longitudinal-mode  output  at  higher  power  (peakF^,  —  1 .6 
W  at  an  8.0- A,  200-ns  pulse)  although  at  slightly  longer  wavelength  and  reduced  tuning  range 
(7225 <A  <7425  A).  Data  are  presented  illustrating  the  wavelength  dependence  of  the  gain  and 
power  output  as  well  as  the  partial  homogeneous  broadening  and  phase-locked  nature  of  the 
QWH  laser  arrays.  The  difference  in  performance  of  the  multiple-stripe  diodes  compared  with  the 
single-stripe  structure  can  be  attributed  to  the  internal  coupling  of  the  optical  field  in  neighboring 
stripes  and  the  reduced  threshold  current  density. 


I.  INTRODUCTION 

An  external  dispersive  cavity  has  long  been  recognized 
as  an  effective  means  to  improve  the  spectral  output  and  to 
probe  the  internal  operation  of  semiconductor  diode  la¬ 
sers.1'7  A  major  limitation,  however,  of  more  common  single 
heterostrueture  and  double  heterostrueture  (DH)  lasers  in 
external-grating  operation  is  the  lack  of  adequate  carrier 
band  filling,  and  thus  a  small  recombination-  radiation  spec¬ 
tral  range  and  a  small  gain  bandwidth.  A  large  active  region 
size  (Le.,  bulk-crystal  active  layer  thickness  L,  >  500  A)  im¬ 
poses  a  practical  limit  ( —40  meV)  on  the  energy  range  of  the 
gain  profile.  In  a  quantum-well  heterostrueture  (QWH)  car¬ 
rier  band  filling  can  be  large.*-9  For  example,  a  photo  pumped 
single-well  [L,  —200  A)  QWH  sample  can  be  band  filled  suf¬ 
ficiently  to  give  laser  operation  in  adAu— 300-meV  range.' 
As  a  further  example,  in  recent  work7  with  QWH  laser  di¬ 
odes  coupled  to  an  external  grating  cavity,  we  have  demon¬ 
strated  100-meV  tunability  in  continuous  (cw)  300  K  oper¬ 
ation,  which  is  a  much  greater  range  than  that  of  ordinary 
heterqjunction  lasers  ( — W)  but  still  far  less  than  the  “limit” 
of — 300  meV.  To  obtain  the  data  below,  we  have,  similar  to 
Ref.  7,  employed  an  external  grating  cavity  to  investigate  the 
possibility  of  high  power,  high-energy  tunability  of  both  sin¬ 
gle-10  and  multiple-stripe1 1  high  performance  QWH  diodes. 
The  QWH  active  region  is  an  AlsGa,  _  x  As  (x— 0.22)  quan¬ 
tum  well  of  size  L,  =400  A.  The  confining  layers  are 
Alx  Ga,  _  x  As  (x'— 0.85).  The  relatively  large  size  of  the 
quantum  well  does  not  easily  permit  carrier  band 

filling;  however,  with  pulsed  excitation  of  a  single-stripe  di¬ 
ode,  we  obtain  a  70-meV  tuning  range  <7080<A<7370  A) 
with  a  single  dominant  longitudinal  mode.  The  results  of  the 
grating  experiments  indicate  a  broad,  largely  homogeneous¬ 


ly  broadened  gain  profile  capable  of  supporting  narrow  line 
(AA  ■  0.3  A  resolution-limited  measurement)  operation  un¬ 
der  high  level  cw  and  pulsed  room-temperature  operation. 

The  multiple-stripe  diodes  are  spectrally  similar  to  the 
angle-stripe  lasers  with  some  important  differences,  the 
most  apparent  being  a  much  greater  power  output  For  ex¬ 
ample,  a  forty-stripe  diode  delivers  1.6  W  of  peak  power  (8- 
A,  200-ns  pulse)  into  a  single  longitudinal  mode  (A— 7300 
A).  Also,  the  multiple-stripe  diodes  have  a  lower  threshold 
current  density.  Thus,  the  gain  profile  is  centered  at  longer 
wavelength  (lesser  band  filling)  and  has  a  smaller  tuning 
range  (40  meV).  The  far-field  emission  generally  exhibits  a 
two-lobed  pattern  in  the  plane  of  the  junction,  which  indi¬ 
cates  a  180*  phase  shift  between  neighboring  stripes.  These 
observations  are  consistent  with  the  concept  of  a  laser  array 
phase  locked  with  the  combination  of  internal  mode  cou¬ 
pling  and  external  feedback.  The  similarity  with  a  broad- 
area  diode  lasing  on  physically  separate  but  internally  cou¬ 
pled  filaments  has  bear  previously  noted. 12  The  performance 
of  the  multiple-stripe  diodes  compared  to  their  single-stripe 
counterparts  indicates  that  the  phase-locked  laser  array  is 
well  suited  for  high  power  tunable  diode  laser  systems. 

II.  EXPERIMENTAL  PROCEDURE 

As  in  previous  work,7  the  AJ,.  Ga,  _  x  As- Al,  Ga,  _  x  As 
(x— 0.22,  x'~0.85)  crystals  of  the  present  studies  have  been 
grown  by  metal  organic  chemical  vapor  deposition 
(MOCVD).  In  Fig.  1  a  transmission  electron  micrograph 
shows  the  single  400-A  quantum-well  active  region  of  the 
diodes  whose  characteristics  and  operation  are  described  be¬ 
low.  The  lack  of  a  separate-confinement  waveguide  struc¬ 
ture  “sandwiching”  the  quantum  well  undoubtedly  in- 
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A  multiple-stripe  quantum  well  heterostructure  laser  diode  operated  in  an  external  grating  cavity 
is  shown  to  exhibit  the  far-fidd  radiation  patterns  of  the  “supermode”  eigenstates  predicted  by 
coupled  mode  analysis.  Data  (—7330  A)  are  presented  on  a  gain-guided  laser  array  at  various 
continuous  (cw,  300  K)  operating  currents  to  illustrate  the  progression  of  the  supermodes  from  • 
double- lobed  patterns  (phase  shift  between  emitters)  to  a  single- lobed  pattern  (no  phase  shift 
between  emitters).  As  the  cavity  wavelength  is  scanned  a  cyclical  progression  (2.8-A  period)  of  far- 
field  patterns  (supermodes)  is  observed. 

Since  the  successful  continuous  (cw)  300-K  operation  of  The  diode  front-facet  emission  is  collimated  with  an 


a  phase-locked  multiple-stripe  semiconductor  laser,  a  quan¬ 
tum  well  heterostructure  (QWH),2  this  form  of  laser  and  its 
potential  for  a  higher  performance  level  have  attracted  in¬ 
creasing  attention.  Specifically,  phase-locked  multiple- 
stripe  quantum  well  heterostructure  lasers  offer  significant 
improvement  in  power  output1*3  and  reduced  beam  diver¬ 
gence0  over  previous  devices.  Coupled  mode  analysis  of  a 
multiple-stripe  semiconductor  laser  array6  predicts  the  exis¬ 
tence  of  a  discrete  set  of  AT  “supennodes”  (IV  —  the  number 
of  laser  stripes),  with  each  supermode  operating  at  slightly 
different  wavelength.  The  existence  of  these  supermodes  has 
been  confirmed  in  a  recent  study  by  spectrally  resolving  the 
spatial  profile  of  the  optical  intensity  on  the  laser  facet7  A 
more  direct  way  to  study  the  supennodes  is  to  “force”  a 
multiple-stripe  QWH  laser  to  operate  at  a  given  wavelength, 
e.g.,  in  an  external  grating  cavity,*-10  and  then  examine  the 
far-field  pattern  of  the  resulting  supermode  (or  supennodes). 
In  this  letter  we  describe  this  form  of  multiple-stripe  laser 
operation  and  confirm  directly  many  of  the  features  of  the 
coupled  mode  analysis  of  Ref.  6.  Data  are  presented  showing 
clearly  the  far-field  patterns  corresponding  to  various  super¬ 
modes,  at  several  currents,  for  a  twenty-stripe  (~5-*tm 
centers)  QWH  diode  operating  continuously  (cw)  300  K  near 
the  visible  ( — 7330  A). 

The  Al,-Ga,  As-Al^Ga,  _*As(  x'— 0.85,  jc-0.22) 
QWH  crystals  of  this  work  are  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  as  previously  de¬ 
scribed.1 1  The  quantum  well  size  is  L,  =400  A,  and  in  the 
form  of  ordinary  single-stripe  lasers  this  QWH  crystal  has 
exhibited  excellent  short  wavelength  high  power  perfor¬ 
mance.12  As  in  earlier  work,9* 12  the  single-  or  multiple-stripe 
pattern  is  produced  by  proton  bombardment  through  a  thick 
photoresist  mask.  An  optical  microscope  is  used  to  verify  the 
actual  spacing  of  the  array  elements  (in  this  case  —  3  fim)  by 
examination  of  the  near-field  pattern.  After  metallization 
the  QWH  crystal  is  cleaved  into  250-pm  bars  and  then  sepa¬ 
rated  into  individual  dice  that,  in  turn,  are  attached  junction 
side  down  onto  copper  blocks.  The  reflectivity  of  the  diode 
front  facet  is  modified  with  an  Al-O,  antireflecting  layer  and 
the  back  facet  with  an  Al:Oj/A]  reflecting  coating. 


/ 1.0,  50. 8- mm  focal  length  lens.  A  diffraction  grating(7500 
A  blaze)  oriented  with  its  rulings  parallel  to  the  crystal  layers 
disperses  the  collimated  radiation  and  returns  a  major  frac¬ 
tion  to  the  diode  facet  in  the  form  of  spectral  bands  (see  Ref. 
9).  Fine  control  of  the  grating  angle  (or  cavity  wavelength)  is 
accomplished  with  a  piezoelectric  transducer  built  into  the 
(Burleigh)  optical  mount.  The  1 5-#im  travel  of  the  transducer 
provides  a  ~6-A  range  over  which  the  cavity  wavelength 
can  be  precisely  controlled.  The  period  of  a  complete  cycle 
through  the  supennodes  is  observed  to  be  2.8  A,  which 
agrees  with  the  diode  longitudinal  mode  spacing.  The  dis¬ 
placement  of  the  piezoelectric  transducer  is  assumed  linear 
with  applied  voltage  over  a  small  range  (2.8  A)  and  is  used  to 
obtain  the  wavelength  splitting  from  supermode  to  super- 
mode  to  within  0.1  A.  The  resolving  power  of  the  grating/ 
lens  system  is  about  0.1  A,  which  is  sufficient  in  many  cir¬ 
cumstances  to  isolate  a  single  supermode. 

A  rectangular  Al-coated  minor  intercepts  a  small  sec¬ 
tion  of  the  collimated  beam  and  directs  it,  via  a  slit,  onto  a 
fiber  optic  “light  pipe”  which  scans  the  far-fiekl  emission 
pattern.  The  optical  signal  (supermode  pattern)  is  monitored 
with  a  radiometer/strip  chart  recorder.  The  resolution  of  the 
system  is  better  than  0.3*.  The  linear  scan  of  the  collimated 
radiation  introduces  an  error  in  accordance  with  the  approx¬ 
imation  tan  x~x,  which  over  small  angles  ( <  30*.  full  angle) 
is  negligible.  A  small  fraction  of  the  emission  is  monitored 
with  a  0.5-m  Jarrel-Asb  monochromator  ( 50.2  A  resolu¬ 
tion)  equipped  with  a  GaAs  response  photomultiplier  and  an 
electrometer/strip  chart  recorder.  Hence,  the  emission  spec¬ 
trum  and  far-field  pattern  can  be  simultaneously  recorded. 

The  set  of  far-field  patterns  shown  in  Fig.  I  is  typical  of 
the  cycle  of  supennodes  observed  at  relatively  high  injection 
currents  (/  =  520  mA,  =  70  tnW,  cw).  A  double-lobed 
pattern  with  a  10*  spacing  between  peaks  occurs  at  7326.7  A 
and  coincides  with  the  L  *  20  supermode  (based  on  the  pro¬ 
gression  of  lobe  separation).  As  the  cavity  wavelength  is 
shifted  (via  the  grating)  toward  lower  energy,  the  peak  separ¬ 
ation  decreases  as  the  diode  is  induced  to  operate  in  lower 
order  mode  configurations.  While  often  a  single  supermode 
is  dominant.  e.g.,  L  —  1 6  in  (bl  and  L  *  1 1  in  (c),  often  two  or 
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The  accommodation  of  lattice  mismatch  in  strained-layer  GaAs-In,  Ga,  _  *  As  (xsO.27) 
superlattices  grown  by  metalorganic  chemical  vapor  deposition  has  been  examined  as  a  function 
of  layer  thickness  using  transmission  electron  microscopy.  The  degree  of  distortion  from  cubic  is 
shown  to  be  dependent  on  the  layer  thickness  and  at  sufficiently  large  layer  sizes  ( i  1 80  A) 
dislocations  are  introduced  at  the  interfaces. 

PACS  numbers:  61.16.Di,  61.70Jc,  68.90.  +  g 


It  has  recently  been  shown  that  the  lattice  mismatch  in 
strained-layer  superlattices  (SL’s)  is  accommodated  by  the 
tetragonal  distortion  of  successive  layers  of  the  SL. '  The  de¬ 
gree  of  distortion  is  dependent  on  the  amount  of  lattice  mis¬ 
match  between  the  two  component  layers.  As  in  previous 
work,1  the  results  presented  in  this  letter  are  obtained  on 
strained-layer  SL  crystals  grown  by  metalorganic  chemical 
vapor  deposition  (MOCVD),2-1  specifically  on 
GaAs-In.Ga,  _„As  (jc=0.27)  SL’s.  For  these  SL’s  the  lat¬ 
tice  mismatch  is  1.9%,  which  corresponds  to  a  strain  of 
9.6 X  10~J.  As  shown  earlier0  these  SL’s,  for  layer  sizes 
LaJ.t  S 130  A,  will  operate  as  continuous  (cw)  300-K  pho- 
topumped  lasers  for  —3  min  (/«,  —  103  A/cm2)  before  fail¬ 
ing,  thus  providing  powerful  evidence  that  the  layer  inter¬ 
faces  for  the  as-grown  SL  are  defect-free.  This  letter 
presents,  for  these  same  high  quality  SL’s  (new  samples),  the 
results  of  a  transmission  electron  miscroscope  (TEM)  study 
of  specimens  in  which  the  lattice  mismatch  is  kept  constant 
but  the  layer  size  is  varied  from  SL  to  SL,  with  the  quantum 
wells  and  barriers  being  held  equal  in  size  (L,  =  LB ).  At 
Lz  =  LaZ  180  A  dislocations  are  introduced  at  the  inter¬ 
faces,  which  is  in  reasonable  agreement  with  theoretical  con¬ 
siderations.6 

The  strained-layer  GaAs-In,  Ga,  _  *  As  (jc =0.27)  SL's 
of  interest  here  have  been  grown  by  MOCVD  as  extensively 
described  elsewhere.24  Unlike  ordinary  SL’s,  however,  the 
crystals  of  this  work  have  three  separate  SL's  grown  in  series 
from  smaller  to  larger  size,  and  then  from  the  largest  size  the 
intermediate  size  SL  and  the  smallest  are  repeated  to  give  a 
symmetrical  “stack”  of  five  SL’s  in  the  entire  series  that  are 
unwarped.  Two  of  these  SL  stacks  have  been  prepared:  (a) 
L„  *LtS s85,  120,  180,  120,  83  A  and  (b)  L,  =£,  =  33, 
160,  240,  160,  33  A. 

The  SL  crystals  are  prepared  for  examination  in  a  Phi¬ 
lips  420  TEM  by  sectioning  (cleaving)  normal  to  the  plane  of 
growth  [( 100)  plane]  so  that  the  layers  can  be  imaged  in  cross 
section.  The  specimens  are  then  mechanically  thinned  and 
ion  milled  to  the  point  of  electron  transparency,  the  speci¬ 
men  normal  being  the  (110]  direction.  As  reported  previous¬ 
ly,'  another  SL  specimen  with  1 50-  A  layers  has  shown  con¬ 
siderable  departure  from  cubic  structure,  there  being  an 
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alternate  expansion  and  contraction  of  successive  layers  in 
the  growth  direction.  In  the  case  of  the  SL  sections  of  the 
present  work  with  layer  sizes  33  and  83  A,  no  measurable 
distortion  from  cubic  could  be  seen  in  sdected-area-diffirac- 
tion  patterns  as  is  shown  in  Fig.  1(a)  \LaJ.,  =  35  A).  The 
electron  diffraction  patterns  obtained  from  the  superlattices 
show  two  distinct  features,  (i)  Satellite  peaks  are  seen  in  the 
growth  direction  equally  spaced  around  all  the  diffracted 
peaks  in  the  pattern.  These  reflect  the  variation  in  composi¬ 
tion  in  the  growth  direction  and  are  separated  from  the  main 
diffracted  beams  by  a  distance  in  reciprocal  space  Ag  given 
by7 

t  [ah/{k1  +  k1  +  li)]g  (1) 

Ag 

where /i  is  the  wavelength  of  the  compositional  modulation 
and  is  equal  to  twice  the  layer  size,  h,  k,  l  are  the  Miller 
indices  of  the  diffracted  beam,  g  is  the  reciprocal  lattice  vec¬ 
tor  of  the  diffracted  beam,  and  a  is  the  lattice  parameter.  It 
can  be  seen  from  this  equation  that  as  the  layer  size  increases, 
the  satellite  spots  get  closer  to  the  main  diffracted  spots,  and 
at  layer  sizes  of  about  120  A  become  indistinguishable  in  the 
present  measurements,  (ii)  As  the  layer  size  increases,  the 
main  diffracted  beam  splits  into  two  in  the  growth  direction. 
This  splitting  increases  with  the  order  of  the  diffracted  spot 
and  does  not  therefore  result  from  the  periodic  variation  in 
composition  but  must  be  crystallographic  in  origin.  The  su¬ 
perlattice  consists  of  two  crystal  structures  which  give  rise  to 
the  two  diffracted  beams  in  the  growth  direction.  Dark  field 
imaging  using  the  two  beams  reveals  alternating  contrast 
which  confirms  that  the  different  layers  have  different  lattice 
spacings.  There  appears  to  be  no  splitting  in  the  growth 
plane  within  the  accuracy  of  our  measurements,  the  diffrac¬ 
tion  pattern  indicating  that  the  superlattice  consists  of  two 
tetragonal  crystal  structures.  The  satellite  peaks  due  to  the 
periodically  varying  composition  are  dearly  seen  in  the  3  5- A 
layers  in  the  004  diffraction  spot  shown  in  Fig.  lfa).  For 
larger  layer  sizes,  however,  the  tetragonal  distortion  in  the 
SL  becomes  visible  in  the  selected-area-diffraction  pattern  as 
a  splitting  in  the  growth  direction,  which  is  evident  in  Fig. 
Ifbi  I LgJ.t  s  180  A).  The  satellite  spots  are  much  closer  to 
the  main  beam  as  the  layer  size  increases. 

The  heterointerfaces  between  the  layers  in  these 
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Quantum  well  heterostiucture  (QWH)  lasers  have  unique  and  desirable  characteristics.  A  review  of  a  variety  of  QWH  lasers, 
including  infrared  and  visible,  single  and  multiple  stripe  devices,  will  be  discussed.  Emphasis  will  be  on  advances  made  in  the  last 
three  years,  including  broad  band  tuning  with  an  external  grating,  wavelength  modification  by  annealing,and  index-guiding  by 
impurity-induced  disordering. 

1.  Introduction 

Although  the  first  reports  of  semiconductor 
lasers  appeared  in  1962  [1-4],  it  was  not  until  1970 
that  continuous,  room  temperature  User  operation 
was  demonstrated  [5,6].  This  achievement  required 
the  implementation  of  lattice- matched  heterostruc¬ 
tures  [7],  which  were  fabricated  by  improved  crystal 
growth  techniques.  Since  the  early  1970’s,  much 
effort  has  been  devoted  to  refining  both  the  laser 
structure  and  crystal  growth.  Recently,  one  of 
these  techniques,  metalorganic  chemical  vapor  de¬ 
position  (MOCVD),  has  become  increasingly  pop¬ 
ular  as  a  consequence  of  its  versatility  and  econ¬ 
omy.  The  chemistry  of  MOCVD  growth  of  III— V 
compounds  was  pioneered  by  Manasevit  as  early 
as  1968  [8];  however,  it  was  Dupuis  and  Dapkus 
[9]  who  demonstrated  that  high  laser  quality  Al- 
GaAs/GaAs  heterostructures  can  be  achieved  by 
MOCVD.  MOCVD  can  also  produce  wafers  of 
excellent  uniformity,  as  evidenced  by  laser  mea¬ 
surements  of  threshold  from  various  parts  of  a 
wafer  [10-12]. 

2.  Ultra-thin  layers  and  abrupt  interfaces 

MOCVD  is  also  advantageous  in  that  very 
abrupt  interfaces  and  very  thin  layers  can  be  grown 

0022-0248/ 84/S03.00  0  Elsevier  Science  Publishers  B.V. 

(North- Holland  Physics  Publishing  Division) 


Fig.  1.  Transmission  electron  micrograph  of  portion  of  an 
Al,Ga, . , Ai/  AlAs/GaAs  tuperlauice  (SI  grown  by 
MOCVD).  The  size  of  the  composite  AlAs-Al.Ga,  As-AlAs 
lx  -  0.3)  barriers  li  t,-  10S  A  and  for  the  GaAs  quantum 
wellj  f.,-90  A.  The  herringbone  pattern  of  (111)  planes 
(spacing  3.36  A)  corresponding  to  the  crystal  (100)  direction 
upward  and  (110)  normal  to  the  figure  make  possible  accurate 
layer  measurements  and  identification  of  monolayer  fluctua¬ 
tions  in  AlAs  layer  size  at  (a)  and  (b). 
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Two-Dimensional  Numerical  Analysis 
of  the 

High  Electron  Mobility  Transistor 
0.  Widiger*,  K.  Hess,  and  J.  J.  Coleman 

Abstract 

We  develop  a  two-dimensional  model  for  the  High  Electron  Mobility  Transistor 
(HEMT)  including  conduction  outside  the  quantum  well.  The  model  uses  the 
continuity  and  power  balance  moment  equations  for  both  inside  and  outside  the 
well,  with  electron  concentration  and  average  energy  as  dependent  variables,  and 
with  parameters  determined  by  Monte  Carlo  simulation.  We  show  that  conduction 
outside  the  well  is  dominant  in  the  "pinch-off"  region  and  that  consequently  the 
speed  advantage  cf  the  HEMT  over  conventional  devices  dees  not  arise  from  high 
saturation  velocities  in  the  quantum  well  but  rather  from  a  lower  access 
-esistance  as  suggested  by  a  velocity  profile  calculation.  Tt  is  further 
demonstrated  that  several  effects  which  are  unimportant  in  conventional  FET's 
are  cf  significance  in  the  HEMT.  Among  these  effects  are  electronic  heat 
conduction  and  to  some  extent  real  space  transfer. 
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ABSTRACT 

Ha  devalop  a  model  for  tha  High  Elaotron 
Mobility  Translator  (HEMT)  which  simulates 
conduction  both  lnsida  and  outaida  tha 
quantum-well  subbands  and  includaa  hot  alactron 
affects  within  tha  framework  of  average-energy- 
dependant  parameters  in  macroscopic  transport 
aquations.  At  TTK  wa  sea  significant  valoelty 
overshoot  and  bulk  conduction.  From  transient 
simulations  it  Is  seen  Chat  tha  currant- 
switching  spaed  is  a  function  of  tha  alactron 
transit  tine.  From  this  wa  conclude  that  tha 
advantage  of  tha  excellent  conduction  in  tha 
quantum  wall  is  not  in  a  high  saturation 
velocity  at  pinch-off  but  rather  in  a  low  access 
resistance.  Wa  also  conclude  that  for  tha  HEMT 
current  saturation  cannot  be  explained  in  torus 
of  a  velocity  saturation  mechanism  at  tha  drain 
edge  of  tha  *ate.  Finally,  froa  steady-state 
calculations  at  300K,  wa  find  that  although 
velocity  overshoot  is  reduced,  the  basic  effects 
are  3imilar  to  those  seen  at  77K. 


INTRODUCTION 

The  recently-developed  High  Electron 
Mooility  Transistor  (KENT)  Cl]  Is  a  field-effect 
device  which  takes  advantage  of  the  high 
nobility,  two-dimensional  electronic  system 
generated  by  the  technique  of  modulation-doping 
C21.C3J.  This  technique  Introduces  carriers 
into  high-ourlty  OaAs  froa  donor  ions  in  an 
adjacent  layer  of  AlxCaT-xAs,  tha  electrons  and 
ions  separated  by  the  built-in  heterojunction 
potential.  The  spatial  separation  froa  iapurlty 
scatterers  and  the  nigh  screening  of  the  dense 
electronic  system  contribute  to  the  higher 
looility.  The  HEMT  controls  such  a  high- 
ncbility  conducting  layer  in  a  field-effect 
transistor  arrangement. 


THE  MODEL 

To  accurately  model  transport  in  the  KENT 
one  tust  account  for  the  Important  hlgn-fleld 
effects  such  as  velocity  saturation,  velocity 
oversnoot,  and  negative  differential  resistance. 
The  model  we  have  proposed  [4]  does  tnis  by 
using  tne  Roltsm ann  moment  equations  of 
continuity  and  drift/diffusion  (5] 


iH  a  [-eunW+VDo] 


and  power  balance  and  anergy  flux 

-a?*  f-unCTfrrVDuB]  (2) 

whart  n  is  tha  electron  concentration,  J  is  the 
current  density,  t  is  the  potential,  u  ,  D,  and  3 
are  tha  mobility,  diffusion,  and  energy  loas 
parameters  all  taken  as  functions  of  the  average 
energy  E  in  a  fashion  similar  to  that  of  Buot 
and  Fray  C  61 ,  and  a  is  a  dimensionless  constant 
dependant  on  the  power-law  nature  of  the 
scattering  and  is  set  to  4/3,  the  value  for 
deformation-potential  scattering.  The  func¬ 
tional  dependencies  on  E  are  determined  from 
Monte  Carlo  simulations  under  steady-state  and 
homogeneous  conditions  and  from  experimental 
data  [7J.  The  power  balance  equation  (2)  is 
slightly  modified  froa  that  given  in  [5]  which 
assumes  a  3oltzaann  distribution  to  determine 
the  energy  flux  term  (the  term  in  brackets)  by 
assuming  in  addition  a  power  law  scattering 
rate. 

The  model  also  includes  transport  in  the 
quaneua  well  by  simulating  a  single  quantuo  well 
system  coexisting  with  the  bulk  system.  Only 
the  lowest  quantum  subband  i3  included  in  the 
quantum  system,  whereas  the  second  and  higher 
quantum  subbands  are  counted  to  the  bulk  system. 
This  Incorporates  the  important  properties  of 
both  quantum  and  bulk  transport.  The  transport 
equations  are  similar  to  those  for  the  bulk 
system.  The  two  systems  are  coupled  by  assuming 
I)  local  quasi-equilibrium  between  the  quantum 
system  and  the  bulk  system,  and  2)  the 
diminishing  of  the  proportion  of  quantum  well 
electrons  to  bulk  electrons  as  kT,  becomes 
comparable  to  the  energy  difference  between  the 
first  two  quantized  energy  levels.  We  have  in 
addition  assumed  zero  conduction  in  the  AlCaAs. 
The  significance  of  transfer  into  the  AlSaAs 
(real  space  transfer  (SI)  can  be  estimated  from 
the  results  for  the  average  energy. 

A  rectangular  device  geometry  is  used.  The 
boundary  conditions  at  tne  source  and  drain  are 
assumed  to  be  the  result  of  the  one-dimensional, 
equilibrium  problem.  3y  this  choice  we  model 
ideal  source  and  drain  contacts.  The  potential 
at  tne  gate-insulatcr  interface  is  fixed  at  the 
gate  potential  corrected  for  the  built-in 
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INTERFACE  STRUCTURE  OF  GaAa/AIAs  SEMICONDUCTOR  SUPERLATTICES 
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The  heterointerfaces  in  GaAi/AiAs  semiconductor  superlattices  grown  by  the  MOCVD  technique  have  been  examined 
on  the  atomic  scale  using  high-resolution  transmission  electron  microscopy  and  were  found  to  be  atomically  smooth  and 
without  defects. 


1.  Introduction 

Semiconductor  superlattice  structures  are  of  interest 
because  of  their  special  electronic  and  optical  proper¬ 
ties  [1—3].  Electrons  and  holes  can  be  confined  to 
two-dimensional  quantum  states  in  thin  semiconduc¬ 
tor  layers  or  at  semiconductor  heterointerfaces,  and 
high-mobility  electronic  devices  can  be  made.  These 
quantum  effects  are  sensitive  to  the  detailed  nature  of 
the  interfaces,  which  in  turn  are  closely  dependent  on 
the  conditions  of  epitaxial  growth.  Metal-organic 
chemical  vapor  deposition  (MOCVD)  [3,4]  can  pro¬ 
duce  uniform  epitaxial  layers  with  atomically  smooth 
interfaces.  The  process  is  carried  out  near  atmospheric 
pressure  and  the  ultrahigh-vacuum  equipment  required 
for  molecular  beam  epitaxy  (MBE)  [5]  is  not  neces¬ 
sary.  In  this  report,  the  results  of  a  recent  study  of 
MOCVD  superlattice  structures  performed  by  both 
conventional  and  high-resolution  transmission  electron 
microscopy  are  presented.  These  data  show  that  the 
interfaces  of  these  superlattices  are  atomically  smooth 
and  defect  free. 


2.  Experimental  methods 

Two  GaAs/AlAs  superlattices,  with  GaAs  and  AlAs 
layer  thicknesses  of  20  and  100  A  respectively,  were 
grown  on  {100}  GaAs  substrates  using  the  MOCVD 
growth  process.  Slabs  from  such  specimens  were  then 
cleaved  on  {1 10}  planes,  and  the  two  slabs  were  ce¬ 
mented  together  edge-to-edge  in  twin  orientation  with 
the  superiattice  side  in  the  middle  as  described  by 
Pettit  et  al.  [6] .  After  mechanically  thinning  to  *=500 
jim  in  thickness  the  specimens  were  ion  milled  to  elec¬ 
tron  transparency  using  a  cold  stage  and  argon  beam 
at  a  low  incidence  angle.  The  superiattice  structures 
were  then  observed  in  cross  section.  The  {110}  cleav¬ 
age  planes  are  preferred  because  of  their  ease  of  cleav¬ 
age,  after  which  the  desired  heterointerfaces  are  ori¬ 
ented  edge-on.  Also,  it  should  be  noted  that  a  {1 10} 
projection  is  the  most  “open”  projected  structure  in 
the  zincblende  case:  Electron  microscopy  was  per¬ 
formed  using  a  Philips  EM420  microscope  with  a 
LaBg  filament  source  and  line  resolution  of  2  A,  oper¬ 
ated  at  1 20  kV. 


0  167-577x/84/S  03.00  ©  Elsevier  Science  Publishers  B.V. 
(North-Holland  Physics  Publishing  Division) 


359 


Conditions  for  Uniform  Growth  of  GaAs  by  Metalorganic  Chemical 
Vapor  Deposition  in  a  Vertical  Reactor 

G«  Costrinl  and  J.J.  Coleman 

Electrical  Engineering  Research  Laboratory,  Materials  Research  Laboratory 
Unlverlsty  of  Illinois  at  Urbana-Champaign,  Urbana,  Illinois  61801 

Abstract 

The  uniformity  of  epitaxial  growth  of  GaAs  by  metalorganlc  chemical  vapor 
deposition  (MOCVD)  in  a  vertical-flow  rotating-dlsk  reactor  has  been 
investigated.  Observations  of  the  thickness  of  the  epitaxial  layer  versus 
radial  distance  on  the  susceptor  surface  are  made  for  various  conditions  of 
carrier  gas  flow  and  growth  temperature.  A  model  is  proposed  in  consideration 
of  hydrodynamic  and  thermal  boundary  layer  effects  at  the  susceptor  surface. 
The  effects  of  a  parasitic  processes  in  the  limit  of  smaller  boundary  layers 
and  transition  to  source  input  rate-limited  growth  in  the  limit  of  thicker 


Stripe-geometry  AI^Ga,  As-GaAs  quantum  well  heterostructure  lasers 
defined  by  SI  diffusion  and  disordering 

K.  Meehan,  P.  Gavrilovtt,  and  N.  Hotonyak,  Jr. 

Electrical  Engineering  Research  Laboratory  and  Materials  Research  Laboratory,  University  of  Illinois  at 
Urbana-Champaign.  Urbana.  Illinois  61901 

R.  D.  Burnham  and  R.  L  Thornton 
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(Received  4  September  1984;  accepted  for  publication  16  October  1984) 

The  use  of  Si  diffusion  and  impurity-induced  layer  disordering,  via  a  Si,N4  mask  pattern,  to 
construct  stripe-geometry  Al.Ga,  _  ,  As-GaAs  quantum  well  heterostructure  lasers  On  n- type 
substrates  is  described.  This  leads  to  a  convenient  form  of  index-guided  buried-heterostructure 
laser  that  is  easily  constructed  and  replicated  (in  various  geometries)  on  commonly  available  n- 


type  GaAs  substrate. 

Modern  methods  of  crystal  growth  have  made  it  rela¬ 
tively  easy  to  realize  the  basic  ultrathin  layered  structure  of  a 
quantum  well  laser. 1  In  some  respects  a  more  difficult  matter 
is  that  of  how  to  convert,  laterally  or  transversely,  the 
layered  heterostructure  into  some  form  of  stripe  geometry, 
which  is  a  more  or  less  standard  form  for  semiconductor 
lasers.  Possibly  an  ideal  way  to  convert  a  layered  structure 
into  a  stripe  geometry,  or  indeed  into  an  arbitrary  shape,  is 
by  impurity-induced  disordering.24  For  example,  Zn  diffu¬ 
sion  into  an  Al,  Ga,  _,  As-GaAs  quantum  well  heterostruc¬ 
ture  (QWH)  or  superiattice  (SL),  which  can  be  masked,1-4 
intermixes  A1  and  Ga,  intermixes  high-gap  and  low-gap  lay¬ 
ers,  and  increases  (by  the  transformation  of  thin  layers  to 
bulk  crystal)  the  energy  gap  of  initially  quantum  well  re¬ 
gions.  If  this  is  applied  to  the  usual  QWH  grown  on  an  n-type 
wafer,  the  Zn-disordered  region  creates  a  considerable  la¬ 
teral  shunt  adjacent  to  the  as-grown  QWH  stripe.44  This 
can,  of  course,  be  avoided  by  the  use  of  a  p-type  substrate. M 
These  Ip  substrates),  however,  are  less  common,  lower  in 
mobility,  and  less  useful  for  integrating  other  devices  on  the 
same  substrate.  For  an  n-type  substrate  with  various  n-type 
epitaxial  layers  grown  first  and  then  quantum  wells  and  p- 
type  layers  on  top,  the  conversion  of  this  structure  to  a  (“p 
up”)  stripe-geometry  laser  requires  (on  its  sides  or  edges)  a 
donor  disordering  process,  preferably  one  that  can  be  ac¬ 
complished  by  simple  impurity  diffusion.  Such  a  disordering 
process  has  recently  been  demonstrated.7  Silicon  has  been 
diffused  into  an  Al,Ga,  As-GaAs  SL  and,  where  not 
masked,  has  converted  the  SL  to  higher  gap  bulk  crystal  In 
the  present  letter  we  describe  the  use  of  Si  diffusion  and  layer 
disordering,  via  a  Si3N4  mask  pattern,  to  construct  stripe- 
geometry  QWH  lasers  (buried  heterostructure  lasers)  grown 
on  n-type  substrates. 

The  double-well  QWH  wafer  used  in  this  work  has  been 
grown  by  metalorganic  chemical  vapor  deposition 
IMOCVD)’*  9  and  previously  has  been  used  in  thermal  an¬ 
nealing  and  quantum  well  broadening  experiments.10  The 
active  region  (see  Fig.  2  of  Ref.  10)  consists  of  two  L,  ss  85- A 
GaAs  quantum  wells  |r-0Al,  Ga,  _  „  As)  that  are  coupled 
with  an  Lg  =9  5- A  Al,  Ga,  _  ,  As  (x'—0.3)  barrier.  The 
wells  and  barrier  are  located  approximately  in  the  center  of  a 
large  \L,  =0.23  pml  Al,  Ga,  As  (*'-0.30)  waveguide. 
The  quantum  wells  and  the  waveguide  are  undoped.  This 


region  is  confined  on  the  substrate  side  by  an  n-type 
Al,-  Ga,  _  A*  (it*  —  5  X  10,7/cmJ,  x"  —0.85)  layer  ( — 1.2 
ftm)  and  on  the  top  side  by  a  —  1.7-pm-thick  p-type 
Al,.  Ga,  _  As  (it,*,  —  5  X  lO'Vcm1,  x"  —0.85)  layer.  A  0.8- 
ftm  Zn-doped  GaAs  cap  layer,  on  a  0.5-pm  Mg-doped 
Al,Ga,  _r  As  (y — 0.  IS)  transition  layer,  is  grown  on  top  for 
metallization  and  current  contacts. 

As  with  Zn-induced  disordering  in  a  pattern  forming  a 
stripe  active  region,3  the  initial  wafer  preparation  is  the 
same.  A  0.1-pm  Si,N4  masking  layer  is  deposited  on  the 
QWH  wafer.  Using  photoresist  lithography  and  CF4 
etching,  we  prepare  a  set  of  24-pm  Si,N4  stripes  on  20-mil 
centers.  The  p-type  GaAs  cap  and  p-type  Al,  Ga,  _,As  tran¬ 
sition  layer  are  then  selectively  removed  except  under  the 
Si}N4  stripes.  These  layers  are  removed  between  the  stripes 
so  as  not  to  impede  the  Si  diffusion.  After  the  diffusion  and 
disordering,  a  narrow  —  24-^m  as-grown  QWH  p- type 
stripe  remains;  at  its  edges,  of  course,  the  stripe  is  convened 
to  it  type  by  the  Si  diffusion  (see  Fig.  1). 

Prior  to  the  diffusion  the  wafer  is  cleaned  using  a  short 
HQ  etch  to  remove  any  surface  oxides,  and  then  a  thin 
(  —  100  A)  Si  layer  is  electron  beam  evaporated  onto  the  sur- 


FIG.  1.  Scannuii  electron  microscope  SEMI  image  of  an  etched  24-yim- 
wide  AI,.Ga,  _ ,.A*-A1,  Ga,  . ,  As-Al.Ga,  .  .A*  ur’»0.J5.  *'-0.30. 
x  •  01  quantum  well  heterostructure  iQWH)  laser  stripe  fend  viewi  defined 
by  Si  diffusion  and  disordering.  The  as-grown  p-n  QWH  is  shown  in  the 
center  1 2*  umi.  The  Si  diffused  and  disordered  areas  ino  quantum  weilsi  are 
the  regions  convened  to  n  type  on  the  left  and  the  nght. 
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DONOR-INDUCED  DISORDER-DEFINED  BURIED- HETEROSTRUCTURE 
Al^aj^As-Ga^  QUANTUM  WELL  LASERS 


K*  Meehan,  P.  Gavrilovic,  J.E.  Epler,*)  K.C.  Hsieh,  and  N.  Holonyak,  Jr* 
Electrical  Engineering  Research  Laboratory  and  Materials  Research  Laboratory 
University  of  Illinois  at  Urbana-Champalgn,  Urbana,  Illinois  61801 


R.D.  Burnham,  R.L.  Thornton,  and  W.  Streifer 
Xerox  Palo  Alto  Research  Center,  Palo  Alto,  California  94304 

Abstract 

A  simple  form  of  buried  heterostructure  AlxGaj_xAs-GaAs  quantum  well 
laser  is  described  that  is  realized  by  impurity-induced  layer  disordering 
(donor-induced  disordering).  The  layer  disordering,  and  the  resulting  band- 
gap  shift  to’  higher  energy  (and  lower  index),  is  accomplished  by  Si  diffusion 
in  a  stripe  pattern  defined  by  a  Si^N^  mask.  Single  mode  lasers  of  stripe 
width  3  pm  and  6  in  are  demonstrated  that  operate  continuously  at  300  K  in  the 
threshold  current  range  of  10-25  raA  and  with  single-facet  power  levels  as  high 
as  10-20  mW. 
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SUPERMODES  OF  MULTIPLE-STRIPE  QUANTUM  WELL  HETEROSTRUCTURE  LASER 
DIODES  OPERATED  (cw,  300  K)  IN  AN  EXTERNAL  GRATING  CAVITY 

J.E.  Epler  and  N.  Holonyak,  Jr., 

Electrical  Engineering  Research  Laboratory  and  Materials  Research  Laboratory 
Univeristy  of  Illinois  at  Urbana-Champaign,  Urbana,  Illinois  61801 

R.D.  Burnham,  T.L.  Paoli,  and  W.  Streifer 
Xerox  Palo  Alto  Research  Center 
Palo  Alto,  California  94304 

The  far-fleld  supermode  patterns  of  a  phase-locked  multiple-stripe 
quantum  well  heterostructure  (QWH)  laser  diode  are  described  as  a  function  of 
injection  current  and  emission  wavelength,  the  latter  controlled  by  an 
external  grating.  The  external-grating  cavity  is  used  to  isolate  single  or 
multiple  supermodes  of  the  multiple-stripe  QWH  laser  (PQut  >  170  mW  cw, 
\  -  7400  A).  The  progression  of  supermode  patterns  consists  of  a  discrete  set 
of  mode  configurations  for  each  longitudinal  mode  of  the  spectrum.  The 
progression  is  cyclic  with  a  -  2.8  A  period  which  corresponds  to  the 
longitudinal  mode  spacing  of  the  diode.  Under  high  gain  conditions,  i.e., 
near  the  center  of  the  recombination-radiation  spectrum  or  at  higher  current 
levels,  continuous  tunability  is  observed  with  gradual  transitions  between 
supermode  eigenstates.  As  the  gain  is  reduced  Clow  current)  the  number  of 
supermodes  observed  decreases  until  only  the  in-phase  pattern,  i.e.,  each 
emitter  at  the  same  phase,  remains  above  threshold.  The  far-field  patterns 
range  from  a  double-lobe  pattern  with  a  10°  peak  separation  (3  ^m  between 
emitter  phase  reversals)  to  a  narrow  (<  2*  full  angle  half  power)  single-lobe 
in-phase  pattern.  The  experimental  data  are  compared  to  the  results  of 
coupled  mode  analysis. 
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PRESSURE  DEPENDENCE  OF  Al^Ga^A*  LIGHT  EMITTING 
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DIODES  NEAR  THE  DIRECT-INDIRECT  TRANSITION 
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Abstract 

High  pressure  studies  on  high  quality  AlxGa^-xAs  double  heterostructure 
(DH)  light  emitting  diodes  (LED's)  grown  by  liquid  phase  epitaxy  (LPE)  are 
presented.  The  AlxGaj_xAs  active  region  varies  in  composition  from  x  „  0.25 
to  ~  0.53,  i.e.,  through  the  critical  region  of  the  direct-indirect  transition 
(x  =  xc  *  0.45).  The  pressure  coefficient  of  the  T  conduction  band  is 
observed  to  decrease  („  1  meV/kbar  for  x  «  0.25  to  x  .  0.53)  with  increasing 
A1  concentration,  which  is  in  accord  with  alloy  disorder  and  band  edge 
bowing.  Indirect-gap  (X)  recombination  radiation  of  significant  intensity  is 
observed  and  provides  evidence  for  the  high  quality  of  the  LPE  diodes.  High 
pressure  measurements,  and  the  increase  in  energy  of  the  direct  band  edge  and 
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HYDROSTATIC  PRESSURE  MEASUREMENTS  (<  12  kbar)  ON  SINGLE- 
AND  MULTIPLE-STRIPE  QUANTUM-WELL  HETEROSTRUCTURE  LASER  DIODES 

J.E.  Spier,  R.W,  Kali ski,  and  N.  Holonyak,  Jr. 

Electrical  Engineering  Research  Laboratory  and  Materials- Research  Laboratory 
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School  of  Chemical  Sciences,  Department  of  Physics  and 
Materials  Research  Laboratory 

University  of  Illinois  at  Urbana-Champaign ,  Urbana,  Illinois  61801 

R.D.  Burnham  and  R.L.  Thornton 

Xerox  Palo  Alto  Research  Center,  Palo  Alto,  California  94304 

Short  wavelength  Al^Ga^.As-A^Ga^As  (xf  „  0.85,  x  _  0.22)  quantum 
well  heterostructure  (QWH)  laser  diodes  (well  size  Lz  *  400  A)  that  operate 
continuously  (cw)  at  300  K  are  subjected  to  hydrostatic  pressure 
C <  12  kbar).  The  emission  spectrum  and  the  light  intensity  versus  current 
(L-I)  curves  are  monitored  to  determine  the  pressure  dependence  of  the  direct 
(T)  bandgap  and  the  threshold  current.  The  bandgap  exhibits  a  linear  pressure 

dependence  with  a  noticeable  change  in  slope  at  .4.5  kbar,  similar  to 

previously  reported  results  for  AlxGaj_xAs-GaAs  QWH  diodes.  The  threshold 
current  increases  monotonically  with  pressure,  reflecting  the  increasing  loss 
of  carriers  to  the  X-  and  L-bands.  The  short-wavelength  cw  limit  of  the 

system,  i.e.,  a  gain-guided  laser  with  a  400-A  AlxGaj  As  (x  .  0.22)  quantum 

well  and  no  separate  waveguide  region,  is  determined  to  be  -  6980  A. 
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Tvo-dimeasionml  Traaaiaat  Slaulatloa  of  an 

Idealised  High  Electron  Mobility  Transistor 

D.  Widiger*,  I.  C.  Kizilyalli,  K.  Hess,  and  J.  J.  Coleman 

Abstract 

We  develop  a  model  for  the  High  Electron  Mobility  Transistor  (HEMT) 
in  which  we  include  both  hot  electron  effects  and  conduction  outside  the 
quantum  subband  system  using  hydrodynamic-like  transport  equations. 

With  such  a  model  we  can  assess  the  significance  of  the  various  physical 
phenomena  involved  in  the  operation  of  the  HEMT.  We  calculate  results 
with  a  two-dimensional  numerical  technique  for  both  steady-state  and 
transient  operation.  For  a  3  micron  device  at  77K,  we  determine  a 
transconductance  of  450  mS/mm,  a  current-switching  speed  of  6  ps,  and  a 
capacitive  charging  speed  of  4  ps  per  fan-out  gate  which  corresponds  to 

che  performance  measured  by  other  workers.  We  also  see  that  electronic 
heating,  velocity  overshoot,  and  conduction  outside  the  quantum  well  are 
significant  near  the  pinch-off  point.  We  conclude  that  the  advantage  of 

HEMT  is  twofold.  The  excellent  conduction  in  the  quantum  weLl  results  ■ 
in  a  low  access  resistance  and  the  low  impurity  concentration  in  the 
GaAs  results  in  optimum  overshoot  effects. 


The  authors  are  with  the  Department  of  Electrical  Engineering  and 
Coordinated  Science  Laboratory,  University  of  Illinois,  Urbana,  IL 
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DAAG  29-82-K-0059 ,  the  Joint  Services  Electronics  Program,  and  the 
Office  of  Naval  Research  under  Contract  N0014-76-C-0806.  D.  Widiger  is 
part  of  the  IBM  Resident  Study  Program. 
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ABSTRACT; 

The  structure  and  quality  of  the  heterointerfaces  of  AlAs/GaAs 

•  • 

semiconductor  superlattices  grown  by  the  MOCVD  technique  have  been 
examined  on  the  atomic  scale  using  high  resolution  electron  microscopy 
lattice  imaging.  The  Interface  of  either  GaAs  grown  on  AlAs  (AlxGaj_xAs) 

or  AlAs  (A1xGaj_xAs)  grown  on  GaAs  Is  atomically  smooth  and  without 

defects  in  both  cases,  and  the  interface  quality  is  not  degraded  by 
increasing  either  the  layer  size  or  the  Al  composition. 

INTRODUCTION: 


In  semiconductor  devices,  crystalline  defects  can  be  non-radiative 
recombination  centers  which  reduce  the  carrier  lifetime  and,  therefore,  the 
quantum  efficiency  in  optoelectronic  devices,  impurities,  furthermore,  can 


